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ABSTRACT
Syngas is a reliable energy source derived from the gasification of coal and other 
solid fuels. The feedstock type and the production process of syngas can affect the 
composition of syngas. Gas turbines utilizing high hydrogen content (HHC) fuels like 
syngas for power generation applications need to meet stringent pollutant emission 
standards, particularly with respect to nitrogen oxides (NOx). For gas turbine conditions, 
reliable experimental data, especially at high-pressure, is necessary for both generating 
accurate NOx prediction models and improving reaction pathways regarding the NOx 
chemistry.  
In this study, NOx formation in post-flame gases of syngas combustion at 
different conditions was studied. A series of experiments were performed at atmospheric 
pressure to create a basis for the experiments at elevated pressure. NOx formation from 
lean premixed syngas/air combustion with various stoichiometries (equivalence ratio 
between 0.5-1.0 and H2/CO ratio between 0.25-1.0) was investigated. Flame temperature 
and two-dimensional temperature distribution were measured under various conditions. 
Detailed NOx speciation data in the post-combustion zone was collected by Fourier 
transform infrared (FTIR) spectrometer.  
Additionally, a high-pressure burner facility was designed and fabricated. Syngas 
can contain diluents and small amounts of hydrocarbons, which can affect the NOx 
emissions in the post-flame region. In the present study, syngas consisting mainly of H2 
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and CO was blended prior to combustion with components such as nitric oxide (NO) and 
hydrocarbons including methane (CH4) and ethane (C2H6) and carbon dioxide (CO2) as a 
diluent at high pressure. NOx speciation measurements as well as temperature 
measurements in the post-flame region were conducted in presence of hydrocarbons and 
diluent at various pressures up to 15 bar. High-pressure speciation data obtained in this 
study can provide validation information needed for improving the kinetic models 
available in the literature by providing further constraints.  
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 CHAPTER 1 
INTRODUCTION 
Clean and energy-efficient fuels are becoming more important for power systems 
due to the environmental concerns associated with excessive use of fossil fuels. Syngas is 
one of the promising fuels that could be used in Integrated Gasification Combined Cycle 
(IGCC) power generation systems [1-4]. Despite the established feasibility of syngas, 
there are challenges with the variations in the syngas composition depending on the type 
of feedstock and production process used to generate syngas [2, 5]. Syngas fuels are 
mainly composed of hydrogen (H2) and carbon monoxide (CO) ranging from 10-70% by 
volume and may contain trace amounts of methane (CH4) and higher order hydrocarbons. 
Also, diluent gases such as nitrogen (N2), carbon dioxide (CO2) and water (H2O) could 
exist with a concentration of 3 to 60% [2, 3, 6-11]. Varying syngas composition can alter 
the combustion performance in terms of flame structure, chemical kinetics and pollutant 
emissions, which could be the major challenge for the design of combustion systems with 
low levels of nitrogen oxides (NOx). Compared to conventional fuels, emission of carbon 
dioxide and other pollutants from syngas combustion could be significantly low, because 
of the presence of hydrogen and the clean-up post-gasification methods [12, 13]. Since 
the last decade the use of high hydrogen content fuels such as syngas is developing as a 
promising technology; however, NOx will be produced during combustion and an 
appropriate prediction of the formation pathways is necessary for developing tools that 
will directly enable newer designs to meet the reduced emissions standards [3]. Emission 
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of NOx as pollutants resulting from combustion processes causes significant health and 
environmental concerns leading to increasingly stringent environmental regulations [14, 
15]. Based on the Environmental Protection Agency’s (EPA) second prospective analysis 
of the 1990 Clean Air Act Amendments (CAAA), the NOx emissions are estimated to be 
decreased substantially from 2010 to 2020. All major source categories, which include 
electricity generation units (EGUs), on-road vehicles, non-EGU industrial points, non-
road vehicles and area sources will contribute to this reduction, though the largest 
contribution will come from EGUs and on-road motor vehicles [16].  
Of the two major constituents of NOx (NO + NO2), nitric oxide (NO) is known to 
be an ozone destroyer and a precursor of acid rain [17]. It could be formed through four 
main mechanisms: (1) The extended Zeldovich mechanism at high temperatures through 
the oxidation of N2 in combustion air [18], (2) Fenimore (or prompt NO) mechanism 
through the reactions of CH radicals with N2 [19] (3) nitrous oxide mechanism and (4) 
NNH mechanism [20-22]. Nitrogen dioxide (NO2) is more toxic and visible in brown 
color at relatively low concentrations. Although it is a small fraction of NOx in most of 
the practical systems, as total NOx emissions decrease, the ratio of NO2/NOx can increase 
to a significant and visible level [23]. The main route to NO2 formation in combustion 
systems is through the oxidation of NO. Understanding of the NO-NO2 conversion 
mechanism could be useful in developing NOx control technologies.  
Lean premixed (LPM) combustion is one of the low NOx technologies where the 
fuel is mixed with air upstream of the combustor at fuel-lean conditions. The fuel/air ratio 
could approach one-half the stoichiometric ratio and more air could be supplied as 
needed to burn the fuel. The excess air is a key to limiting NOx formation since the lean 
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conditions cannot produce the high-temperatures and consequently prevents thermal NOx 
[24, 25]. Although LPM combustion has been proven to be effective in reducing the NOx 
emissions, accurate numerical prediction of NOx from such combustors has only been of 
limited success, which is to some extent due to the complexity of NOx formation 
chemistry. Detailed speciation data is required to validate the reaction mechanisms 
existing in the literature for H2/CO/NOx mixtures, as there is still uncertainty in model 
predictions for NOx formation and the interactions between fuel and NOx species at high 
pressure [21, 26].  
Previously, experimental studies have been performed to investigate the effects of 
various parameters, such as temperature [27-30], syngas composition [20, 31-37] and 
addition of diluents and hydrocarbons [27, 28, 35-39] on NOx formation. The following 
sections provide a summary of the previous studies on the effects of syngas composition, 
pressure and presence of hydrocarbons and diluents. 
1.1 Effect of Syngas Composition 
The variation in gaseous fuel composition can change NOx formation and 
emission when the gaseous fuel is burned lean-premixed. There have been several 
experimental investigations reported in the literature focusing on the effect of syngas 
composition on NOx formation. In a study testing different biomass-derived syngas 
mixtures, the feedstock with the highest nitrogen content has yielded the highest 
ammonia concentration in syngas, which resulted in the highest NOx emissions. Also, a 
decrease in NOx emissions has been observed as the combustion mixture becomes leaner 
and the heat release rate decreases [33]. Lower NO or total NOx production for lean 
mixtures has also been observed in other studies conducted at various equivalence ratios 
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[29, 31, 35, 36]. In addition, it has been shown that increasing the H2/CO ratio of syngas 
results in a decrease in NOx concentration [20, 32, 34, 36]. For H2/CO/CH4 mixtures, 
NOx emission characteristics have been found to change according to fuel composition as 
well as the heat input and the results of this study could contribute to the optimal 
selection of the fuel-feeding condition when fuel is changed from natural gas to syngas in 
order to minimize NOx with stable combustion [27].  
1.2 Effect of Pressure 
While numerous researchers have experimentally studied combustion of syngas 
fuel mixtures under atmospheric pressure investigating the effect of different parameters 
on NOx formation, NOx emission data at relevant high-pressure conditions are sparse [26, 
31, 40, 41]. In order to reduce NOx emissions from gas turbines, a detailed understanding 
of NOx formation at high pressure is crucial, as pressure along with the other parameters 
such as temperature, and composition of the fuel influences the combustion chemistry, 
hence the emissions [1, 13, 42-44].  
An experimental study [31] conducted with low calorific value gas (LCVG) 
flames has revealed that increasing the pressure results in elevated NO emissions at 
constant methane concentration. Computational simulations for partially premixed 
counter flow flames have shown the NO concentration to increase with pressure rapidly, 
but to level off at pressures higher than 10atm [41]. This is attributed to increased 
consumption of NO at high pressures through NO + O + M → NO2 + M and H + NO + 
M → HNO + M reactions, which is referred to as the reburn route. Recent kinetic 
simulations to predict NO formation at practical gas-turbine conditions, i.e., pressure in 
the range of 10-100 atm, temperature between 750-1050K and equivalence ratio (ɸ) of 
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0.1-2.0 using a syngas mixture of 50%H2/50%CO diluted in air have shown that NO 
formation has a weak pressure dependency while temperature and equivalence ratio have 
a considerable effect on NO formation [26]. For a CO/H2/O2/NOx mixture highly diluted 
in N2 (0.05CO/0.044H2/1.5O2 in N2) with ɸ=0.06 at a temperature range of 600-900K, 
NO concentration is predicted to decrease while NO2 concentration increases with an 
increase in pressure from 20 to 100 atm [21, 26], which is consistent with the results of 
flow reactor experiments conducted at the same conditions [45]. A similar behavior for 
NO and NO2 concentrations has also been observed with a CO/H2O/NO system for 
pressures between 1.2-10 atm both by flow reactor experiments [46] and kinetic 
simulations [21]. The promotion of NO to NO2 conversion with pressure is attributed to 
the three-body recombination reactions, such as H + O2 + M → HO2 + M and NO + O + 
M → NO2 + M, becoming more dominant and the higher HO2 concentration resulting in 
more NO2 formation through HO2 + NO → NO2 + OH [21]. Although there is no NOx 
speciation data reported for syngas flames at high pressure, Hunderup et al. [23] have 
investigated formation of NO2 at high pressure for CH4 combustion. Their experimental 
results have illustrated that increasing the pressure from 1 to 8.5 atm results in an increase 
in both the rate and the amount of NO-NO2 conversion. Similar to the flow reactor 
experiments and simulations mentioned earlier, increasing the pressure results in more 
HO2 formation due to the pressure sensitivity of the three-body reactions, which increases 
the NO2 production via the reaction of HO2 and NO. Even though these studies have not 
been conducted with syngas flames, they still shed light into NO-NO2 conversion and 
how it is affected by pressure.   
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1.3 Effect of Hydrocarbons 
As the NOx chemistry could be influenced by the presence of hydrocarbons, 
experimental efforts have been devoted to study NOx formation from syngas combustion 
with hydrocarbons in the mixture [20, 27-29, 31, 32, 35, 47]. In a study [31] reporting 
measurements of NO concentration in low calorific value gas 
(17.5%H2/21.2%CO/12.2%CO2/49.1%N2) flames with equivalence ratios of 0.7-1.3 and 
fuel-CH4 concentrations of 0-14.9%, it has been shown that addition of CH4 can 
influence NO concentration in several possible ways. If thermal NO is dominant, the 
concentration of NO will increase since CH4 increases the calorific value and the flame 
temperature. Thermal NO plays a minimal role for LCVG flames due to relatively low 
flame temperatures. Also, more CH radical forms more HCN and consequently results in 
more prompt NO formation. Moreover, they have shown that at lean conditions with the 
equivalence ratio of 0.8, an increase in CH4 could also yield more H atoms to participate 
in NNH formation to produce NO. Computational simulations have also shown the 
formation of prompt NO to increase in presence of CH4 in syngas flames 
(45%H2/45%CO/10%CH4) due to a large amount of acetylene formed, which increases 
the formation of CH radial, hence the formation of HCN [37]. Although the addition of 
CH4 has been found to decrease the flame temperature, hence the thermal NO formation, 
overall NO concentration increases due to a larger increase in prompt NO formation. In 
addition to CH4, effect of other hydrocarbons on syngas combustion has also been 
investigated. Addition of other light hydrocarbons, such ethane (C2H6), has shown 
significant impacts on the laminar flame speed and the auto ignition behavior of biomass-
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based syngas mixtures [48, 49]; however, the effect of C2H6 on NOx formation has not 
been previously studied.  
1.4 Effect of Diluents 
NOx emissions from syngas combustion in gas turbines could be reduced through 
dilution methods [50]. Addition of a diluent can result in thermal, chemistry and diffusive 
effects [51]. Most of the previous studies investigating diluent effects on NOx emissions 
are mostly restricted to atmospheric pressure [35-38, 50, 52-58] and high pressure studies 
are limited [1, 59-61]. In a previous study, NOx emission characteristics of syngas 
mixtures with airstream dilution of H2O, CO2 and N2 in a counterflow diffusion flame has 
been investigated, showing that among these diluents, steam is the most effective one for 
reducing NOx [37]. This is consistent with the results of other works, which have reported 
that NOx reduction is related to the heat capacity of the diluent [36, 38, 52, 53]. N2 
dilution of H2/CO/CH4 flames in a partially premixed gas turbine model combustor has 
showed that N2 is effective in reducing the combustion temperature, as it decreases the 
oxidation reaction rate and increases the overall heat capacity. 60% N2 dilution in the fuel 
side has decreased both temperature and residence time in the combustion zone, leading 
to a drop in the NOx emissions to the single-digit ppm levels [38]. In a study 
computationally investigating the effect of H2O diluent in an opposed-jet syngas 
diffusion flame, lower rate of NO production has been observed as more diluent was 
added. Also, H2O has been found to be more effective for NO reduction, since H2O could 
decrease the rate of reactions of N + CO2 ↔ NO + CO and NNH-intermediate, 
respectively [54]. Another study has demonstrated that for H2-lean and H2-rich syngas 
with CO2 as the diluent, N + CO2 ↔ NO + CO reaction plays an important role in 
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thermal route of NO formation [55]. Another numerical comparison between the 
performance of fuel-side diluents with concentrations of 10-30% for turbulent syngas 
non-premixed flames has concluded that CO2 dilution resulted in the lowest flame 
temperature and NOx emission and that N2 can reduce NOx less compared to H2O and 
CO2 [56]. The effect of CO2 on NOx emissions has also been studied in dual lean 
premixed gas turbines. It has been found that in addition to the thermal effects of CO2, 
the radiation effect due to high heat release rate of CO2 increases the temperature drop 
and consequently reduces the thermal NOx [58]. Comparing the effect of N2 and CO2 on 
the NO emission in adiabatic laminar premixed syngas/air flames on a heat flux burner 
has shown that both of them reduced NO formation by decreasing the flame temperature, 
but CO2 dilution lowered the peak NO emission more than N2 on volume basis due to its 
specific heat as well as mass diffusivity and chemical activity [36]. NOx emission 
investigations under different humidification amounts of 0-50% and H2/CO of 0.75-2.50 
in syngas non-premixed model combustor have revealed that increasing the H2O dilution 
ratio shrinks the reaction zone and decreases the concentration of OH radicals along with 
the exhaust temperature, resulting in lower NOx. The concentration of NOx was inversely 
proportional to the amount of H2O added, but when H2O concentration was higher than 
16.7%, the reduction rate of the NOx emission decreased [57]. Additionally, N2 dilution 
under different air humidification conditions for non-premixed syngas combustion has 
showed that NOx emission rate changes with different humidity levels. In dry air 
conditions, as the amount of N2 dilution increased, the NOx emission decreased. With the 
flow rate ratio of 25% (steam/dry air), NOx emission was lower than dry air conditions 
and with the ratio of 50%, as the amount of N2 dilution increases, NOx emission slightly 
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changed [50]. In another experimental study using a premixed swirl flame combustor, 
NOx emissions particularly for H2/CO of 1.2 were reduced as CO2 diluent ratios 
increased. However, in pure hydrogen syngas with equivalence ratios of 0.4-0.8, NOx 
emission increased with increasing CO2, which could be attributed to increasing the C 
radicals leading to more NOx production [35]. Another numerical study has simulated the 
effect of 10% of N2, H2O, and CO2 on the formation of NO through various pathways. 
They have found that adding the diluents lowered NO emission for diffusion flames. 
Also, for premixed flames, CO2 diluent caused higher NO emission comparing to H2O. 
This could result from the formation of O radicals and consequently the formation of NO 
through NNH + O ↔ NH + NO, NH + O ↔ NO + H and N2 + O ↔ N + NO [55]. This 
result is in consistence with the findings of another research group who observed that H2-
lean syngas flames with H2O dilution had the lowest NO production rate, due to a 
reduced reaction rate of NNH + O → NH + NO. Although this study has investigated the 
effects of syngas composition, pressure and dilution on NOx emissions, the diluent effects 
were only considered in atmospheric pressure [62]. A few experimental and 
computational studies of diluted syngas at elevated pressures have been reported [21, 32, 
40, 62-66]. Some of these investigations have considered the higher pressure condition in 
presence of diluent but they did not specifically explain the effect of pressure and diluent 
on NOx formation [21, 32]. A series of syngas combustion tests have been conducted at 
pressurized conditions to compare exhaust gas emission characteristics and temperature 
profile. Like previous studies, increasing the amount of nitrogen decreased the 
temperature and consequently the NOx emissions. Both NO and NO2 as two major 
constituents of NOx were decreased with increasing the N2 dilution ratio. A combustor 
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model from GE was used to conduct a comparative study on the NOx emission trend 
based on the pressure, syngas composition and dilution ratio. They have found that NOx 
emission was affected by modification of the empirical pressure relation and also the 
temperature profile uniformity was influenced by dilution ratio [63]. Another research 
group has developed a NOx prediction model based on the syngas combustion in a 
partially premixed gas turbine model combustor in presence of nitrogen diluent. The fuel 
composition and heat input with the diluent ratio affected the NOx prediction model since 
the air flow rate and pressure were constant [64]. Moreover, the numerical study on NOx 
emission characteristics of syngas/air non-premixed flames was carried out to consider 
the effect of elevated pressure, between 1-15 atm, and dilution with N2 or CO2 up to 60%. 
Dilution with N2 or CO2 lowered the rates of the NO reaction pathways [65]. Similar 
results were represented for various syngas mixtures at pressures up to 15 bar, concluding 
that the N2-diluted mixtures with lower flame temperature show lower NOx, while 
undiluted mixtures with higher adiabatic flame temperature lead to the higher NOx 
emissions [40]. Additionally, the formation of thermal NO was declined more than the 
non-thermal NO, and the NOx formation mostly started from the N2 → NNH pathway 
[65]. Furthermore, a SIT (Siemens Industrial Turbomachinery) burner has been studied in 
a high-pressure facility with nitrogen dilution at pressures up to 6 bar. The measurements 
have demonstrated that the NOx concentration increases with pressure and flame 
temperature. Besides, nitrogen dilution decreases the NOx emission due to the reduction 
in oxygen concentration and flame temperature [66].  
In summary, the abovementioned experimental investigations were mainly 
focused on measurement of NO or total NOx and detailed NOx speciation remains 
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unidentified. Although these studies shed light on the impact of operating conditions, 
detailed speciation measurements, especially at elevated pressures in presence of 
hydrocarbons and diluents, is required to provide both practical information regarding 
NOx emissions from gas turbine systems and fundamental understanding of reaction 
pathways for NOx formation. Therefore, the objective of this study is obtaining 
experimental data at different conditions in syngas/air combustion to investigate the 
effects of composition, pressure, and presence of hydrocarbons and diluents on NOx 
speciation. These data could provide the constraints for kinetic model developments and 
better understanding of NOx reaction pathways. 
This dissertation is organized as follows: Chapter 2 describes the experimental 
combustion set-ups as well as the test conditions. Chapter 3 presents NOx speciation data 
in a McKenna burner-coupled flow tube configuration for a range of syngas fuel loadings 
and equivalence ratios at atmospheric pressure. This chapter will form the basis for the 
high-pressure experiments conducted to simulate syngas combustion in gas turbines. 
Chapter 4 reports an investigation on premixed syngas flames in a high-pressure burner 
facility to show the effects of pressure and the presence of hydrocarbons, such as CH4 
and C2H6, on NOx speciation. Concentrations of both NO and NO2 have been measured 
for various fuel compositions at different pressures up to 15 bar. Chapter 5 discusses the 
effects of CO2 diluent on NOx emissions in the post-flame region in a high-pressure 
air/syngas combustion system. Chapter 6 summarizes the findings of this dissertation and 
discusses the overall conclusions and future work. 
 12 
 
CHAPTER 2 
METHODOLOGY 
The present study employs two experimental set-ups; one is the atmospheric-
pressure burner system and the other is the high-pressure facility. Details of each set-up 
along with the analysis techniques will be provided in the following sections.  
2.1 Atmospheric-Pressure Burner Set-Up 
2.1.1 Experimental Apparatus 
The atmospheric combustion system includes a flat flame McKenna burner 
(Holthuis & Associates, Sebastopol, CA) to burn various mixtures of syngas with H2/CO 
ratios ranging from 0.25-1.0 and equivalence ratios (ɸ) from 0.5-1.0 at atmospheric 
pressure. In order to produce flat premixed flames, McKenna burner is a well-established 
configuration [67-70]. The use of premixed fuel and air allows a wide variation of fuel air 
stoichiometry conditions and thus, a large range of accessible exhaust gas compositions 
and temperatures. A schematic of the experimental set-up is shown in Figure 2.1. The 
fuel mixture consisting of premixed oxidizer and fuel is introduced into the bottom of the 
burner housing. The body of the flat flame burner is made of stainless steel, with an outer 
diameter of 85.7 mm. The porous plate (25.4 mm diameter) for flame stabilization is 
water cooled with a cooling coil sintered into the plate. The fuel and air
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flows are controlled by (Brooks Inc. 5851E) mass flow controllers (MFCs) and the flow 
rate of cooling water is adjusted by a rotameter with high-accuracy needle valve. 
 
Figure 2.1 Schematic diagram of the atmospheric-pressure burner set-up 
The streams of hydrogen, carbon monoxide and dry air are combined and 
thoroughly mixed in a tube before being supplied to the burner. Moreover, a movable 
quartz sampling probe is employed to sample the gases at various distances from the 
burner. The probe is water cooled to ensure that the reaction process is quenched 
immediately after sampling is performed and no further reactions take place in the probe 
itself. To further ensure quenching of the reactions, the sample gas is passed through an 
orifice with a diameter of 0.6 mm in the tip. The probe consists of three concentric tubes. 
The sample goes through the innermost tube and the middle tube creates passage through 
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which cooling water flows around the innermost tube and out of the sampling probe. 
Figure 2.2 presents the schematic of quartz sampling probe.  
 
Figure 2.2 Schematic of the quartz sampling probe 
The pressure downstream of the probe is maintained at about 0.25 atm using a 
diaphragm pump and the flow through the probe is choked. A 3-D stage, having a spatial 
increment of 0.01m, is used to translate the sampling probe in radial and axial directions 
above the burner. The temperature of the cooling water is measured by K-type 
thermocouples. All the temperatures are monitored and recorded by a data acquisition 
system from National Instruments. A diaphragm pump is employed to transfer the 
sampled gas stream to the analyzer via a heated line. The samples are run without water 
extraction and the pump is placed downstream of the IR cell to prevent altering the 
concentrations before the analysis. The sample gas stream is analyzed using a Bruker 
FTIR spectrometer. 
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2.1.2 Temperature Measurements 
A custom-welded thermocouple was utilized for temperature measurements to 
minimize radiation loss. Flame temperature measurements were carried out using two 
thermocouples made with unsheathed type-R platinum-platinum 13% rhodium 
thermocouple wires with a diameter of 254μm (0.01in). As seen in Figure 2.3 (a), two 
thermocouples were used in parallel to eliminate the uncertainty in the measurements and 
they resulted in +/-1K difference in temperature. Moreover, a quartz chimney was 
installed on top of the burner to prevent outside entrainment and consequent temperature 
fluctuations. A thermocouple probe built in-house was used to collect the axial and radial 
temperature profiles. In the thermocouple probe, a 0.01 in. diameter thermocouple wire is 
routed through a ceramic insulator. At the tip, the thermocouple wires protrude about 1.5 
cm beyond the insulator and a junction is created. The other end of the wires is connected 
to a standard type R/S connector. Figure 2.3 (b) and (c) show a schematic of the 
thermocouple junction and thermocouple probe inside the quartz chimney, respectively. 
Figure 2.3 (a) Custom-welded R-type thermocouple, (b) Thermocouple diagram, (c) 
Thermocouple and chimney 
 
 
(a) 
(c) 
(b) 
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Dealing with high temperatures, there can be significant radiative losses from the 
thermocouple, resulting in measured temperatures to be lower than the actual gas 
temperature. Radiation correction was implemented in the temperature data by the 
following approach [71]. Neglecting conduction losses from the thermocouple, an energy 
balance on the thermocouple bead gives: 
 =  +

	


 −                                                        (1) 
where, T is the corrected gas temperature, Tb is the thermocouple bead 
temperature, T∞ is the surrounding wall temperature, db is the bead diameter, Nu is the 
Nusselt number, kg is the thermal conductivity of the gas, εb is the bead emissivity, and σ 
is the Stefan-Boltzmann constant. The Nusselt number was calculated using the following 
empirical correlation for the thermocouple wire [72]: 
 = 0.42. + 0.57. 
!
",       0.01 <  < 10000                            (2) 
The aforementioned analysis requires the gas property values representing the 
surrounding conditions of the thermocouple as an input. In practice, these properties, 
which vary with temperature and the composition of the mixture, can be difficult to 
estimate. For this analysis, the local gas properties were estimated based on the 
concentration of major species present. Transport properties were calculated to estimate 
the thermo-physical properties of the gas at the film temperature conditions for 
computing Re and Nu. This analysis indicated a radiation loss of 8% associated with the 
measurements. All of the temperature measurements were corrected to accommodate this 
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8% radiative loss. The methodology to perform the experiments in the mentioned setup is 
very similar to what will be discussed later for high-pressure combustion system. 
2.2 High-Pressure Combustion Chamber 
The high-pressure combustion set-up consists of several components: (1) pressure 
vessel, (2) burner and (3) measurement and control devices. A schematic of the 
experimental set-up is shown in Figure 2.4. 
 
Figure 2.4 Schematic diagram of the high-pressure combustion apparatus 
 
The pressure vessel is built using type 316 stainless steel, schedule 40, seamless 
pipe and class 600 ANSI flanges. For optical access ports, sight glasses are welded on the 
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circumference of the pipe body. Although the vessel is hydro-statically tested to 
withstand to 26 bar, the experiments in this study were conducted at pressures between 1-
15 bar. The top flange of the pressure vessel is outfitted to accommodate feedthrough for 
several items including quartz sampling probe, thermocouple and exhaust gas line. Also, 
there is a stainless-steel chimney welded to the inside of the top flange. The bottom 
flange contains feedthroughs for all gas inlet ports and burner cooling water as well as 
pressure transmitter, water trap assembly and electrical feedthroughs for the ignitor. 
Pressure inside the vessel is regulated using a back-pressure regulator placed in the vessel 
exhaust line after passing from the water separator. Over-pressurization is prevented by 
placing a bursting (rupture) disc in parallel with the regulating valve. The bursting disc is 
rated at 25 bar. The exhaust lines up to the back-pressure regulator are wrapped with 
water-cooled copper tubing. The vessel pressure is monitored with a pressure transmitter 
and a pressure gauge connected to the flange. 
A flat flame McKenna burner identical to the one in atmospheric setup is used to 
burn various mixtures of syngas with H2/CO of 1.0 and equivalence ratio of 0.5 including 
either 1% hydrocarbon (CH4 or C2H6) or 10-20% of CO2 as diluent. The streams of air, 
H2, CO, CO2 (or hydrocarbons) and NO are combined and thoroughly mixed in a tube 
before being supplied to the burner. The premixed fuel-oxidizer mixture is ignited by a 
kanthal wire that is passed through ceramic insulation and connected to the power source. 
The body of the flat flame burner is made of stainless steel and the porous plate for flame 
stabilization is water cooled with a cooling coil sintered into the plate. The fuel and air 
flows are controlled by mass flow controllers and the flow rate of cooling water is 
adjusted by a rotameter with high-accuracy needle valve. Moreover, a quartz diffuser 
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shown in Figure 2.5 is installed on top of the burner to prevent outside entrainment and 
consequent temperature fluctuations. The quartz diffuser creates an annulus between its 
outside wall and the inside wall of the pressure vessel through which nitrogen flow is 
passed to both pressurize the vessel and cool the walls and exhaust gasses. 
 
Figure 2.5 Schematic of the quartz Diffuser 
Additionally, a movable quartz probe with an orifice diameter of 0.8 mm in the tip 
and similar design to the one used in atmospheric burner system, is employed to sample 
the gases at different distances above the burner. A schematic of the sampling probe is 
demonstrated in Figure 2.5. The temperature of the cooling water at the probe inlet is 
maintained at 55˚C by a heated circulating water bath. The probe is vertically translated 
by a Velmex translation stage connected to a step motor with a resolution of 0.005 mm. 
This apparatus is secured to the top flange using a frame for accurate positioning of the 
probe tip within the sealed vessel. For the elevated pressure experiments, the pressure in 
the sampling probe is maintained at 1 bar. The sample gas stream is analyzed employing 
Fourier transform infrared (FTIR) spectroscopy.  
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Figure 2.6 Schematic of the quartz sampling probe for high pressure system 
Post-flame temperature measurements are conducted by an R-type thermocouple 
where the sample was collected by the probe. Radiation correction was applied to the 
temperature measurements as described previously [73]. The temperature of the cooling 
water is measured by K-type thermocouples. All of the temperature measurements were 
recorded by a data acquisition system from National Instruments and presented in 
Appendix A.  
2.3 NOx Measurements with FTIR Spectroscopy 
The speciation measurements for NO, NO2 and N2O were conducted using a 
Bruker Tensor 27 FTIR spectrometer that has a spectral range from 7500 to 370 cm-1, 
with a spectral resolution of 1 cm-1. The FTIR spectrometer is equipped with an 8 m gas 
phase cell to decrease the detection limit. The gas cell is made of quartz, which ensures 
its inertness to the sample gas, and it is heated up to 180˚C with a heating jacket. Using 
the FTIR spectrometer, concentrations of NO, NO2 and N2O were measured through a 
multivariate calibration procedure. The regular univariate calibration model can provide 
accurate results if the measured signal does not have contributions from other sources. 
However, if other analytes contribute to the signal, the univariate signal cannot be 
detected [74]. In order to deconvolute the overlapping peaks of individual species, the 
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FTIR data is analysed based on multivariate calibration employing the GRAMS software, 
which utilizes the factor-based methods of principal component regression (PCR) and 
partial least squares (PLS) for calibration study. The calibration data set must be designed 
to span the entire expected concentration range and the variables of interest should be 
varied independently so that all possible interferences in the measured signal are present 
during the calibration.  
NO infrared absorption could happen in the range of 1950-1800 cm-1. Although 
NO analysis is somehow difficult due to the low absorption coefficient, it is common to 
do in the infrared since it could be more reliable compared with i.e. chemiluminescence 
instrumentation. The vibrational frequency at 1876 cm-1 was utilized for NO 
quantification [75-77]. Multivariate calibration had to be conducted since the NO peak is 
overlapped by water. Also, the influence of CO2 peak on NO due to the presence of CO2 
in combustion products was considered in multivariate calibration. NO2 has a relatively 
high absorption coefficient compared to NO and can be measured with good accuracy in 
dried gas samples. However, it may face with some challenges in wet gases, since the 
NO2 concentration is low in flue gases. The signature band for NO2 is documented at 
1650-1500 cm-1 and in the current work, the frequency of 1617 cm-1 was used for 
multivariate calibration with water [77-80]. N2O has absorption bands in two ranges: 
1350-1250 cm-1 and 2270-2150 cm-1. The stronger frequency at 2204 cm-1 is not used to 
minimize the disturbances from CO and CO2. Other interfering gas is water and the 
vibrational frequency at 1285 cm-1 was utilized for N2O measurement based on the 
multivariate calibration with water [77, 81]. Due to higher absorption coefficients, NO2, 
N2O were detected at lower concentrations as low as 5 ppm. In the current work, NO, 
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NO2 and N2O were distinguished by FTIR measurement, based on the multivariate 
calibration sets of NO-H2O-CO2, NO2-H2O and N2O-H2O. All the calibration data is 
presented in Appendix B. 
2.4 Experimental Conditions 
A test matrix is provided in Table 2.1 showing the experimental conditions for 
both atmospheric and high-pressure experiments. 
Table 2.1 Summary of experimental conditions 
 
 
Equivalence 
ratio 
Syngas/Air 
flowrate 
(slpm) 
H2/CO Concentration in feed (ppmv) 
Pressure 
(bar) 
Hydrocarbon 
(%) 
CO2 diluent 
(%) 
1 
0.5 
4 1.00 
NO = 100 
1 - - 
0.6 
0.7 
0.8 
NO2 = 100 0.9 
1.0 
2 0.5 4 
0.25 NO = 100 
1 - - 0.33 0.50 NO2 = 75 0.75 
3 0.5 
3 
1.00 NO = 100 1 - - 5 
6 
4 0.5 4 1.00 NO = 500 1 - - 
5 0.5 4 1.00 NO = 100 
5 
- - 10 
15 
6 0.5 4 1.00 NO = 100 1 
CH4 = 1  
- C2H6 = 1 
7 CH4 = 1 - 
7 0.5 4 1.00 NO = 100 
1 
- 
10 
20 
7 10 20 
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CHAPTER 3 
NOX FORMATION IN POST-FLAME GASES FROM SYNGAS/AIR 
COMBUSTION AT ATMOSPHERIC PRESSURE1 
 
3.1 Introduction 
The present investigation in this chapter is directed towards obtaining NOx 
speciation data as well as temperature measurements in a McKenna burner configuration 
at atmospheric pressure for a range of syngas fuel loadings and equivalence ratios. 
Detailed NOx speciation data was obtained to validate the simulation results by Ahmed et 
al. [73] and their path flux analysis results are presented to determine the dominant 
pathways for NOx formation. 
3.2 Results and Discussions 
3.2.1 Burner Stability Tests 
In an effort to identify the conditions to obtain a stable flame, tests were 
performed with various equivalence ratios (0.4-1.0), flow rates (3-6 LPM) and H2/CO 
ratios (0.25-1.0). Based on the stability tests, stable flame was observed for all flow rates 
and H2/CO ratios with equivalence ratios ɸ>0.48. Tests with ɸ<0.48 resulted in cellular 
flames [82, 83]. For equivalence ratios ranging between 0.46-0.47 transient flames were 
observed that oscillated between stable and unstable flames. Based on these
                                                            
1
 Asgari, N., et al., NOx formation in post-flame gases from syngas/air combustion at atmospheric pressure. 
International Journal of Hydrogen Energy, 2017. 42(38): p. 24569-24579. 
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observations, the operational range of the present investigation was determined as ɸ=0.5-
1.0 with the above-mentioned ranges of H2/CO ratios and flow rate values. 
3.2.2 Temperature Measurements 
Figure 3.1 and Figure 3.2 show flame temperature measurements at various flow 
rates and H2/CO ratios, respectively. All the measurements were repeated at least twice 
and an error of less than %1 was observed. As shown in Figure 3.1, increasing the flow 
rate of the fuel/oxidizer mixture results in an increase in the flame temperature for any 
equivalence ratio. An increase in flow rate increases the distance between the burner 
surface and the reaction zone, which results in a reduced heat loss from the flame to the 
burner. As expected, maximum flame temperature was obtained for the stoichiometric 
mixture.  
 
Figure 3.1 Measured flame temperature vs. equivalence ratio for different flow rates 
at H2/CO=1.0 
As it is shown in Figure 3.2, decreasing the H2/CO ratio results in an increase in 
the flame temperature due to increased heat release by the CO + OH reaction. The major 
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CO-CO2 conversion pathway in combustion is the exothermic oxidation of carbon 
monoxide by hydroxyl radicals, which also plays a significant role as the major source of 
heat release. The CO oxidation by OH radicals [84] can occur through two different 
paths, the formation of HOCO and the formation of CO2 and atomic hydrogen: CO + OH 
= HOCO (R1), CO + OH = CO2 + H (R2). However, the formation of HOCO through 
reaction channel (R1) is unimportant at pressures and temperatures relevant to 
combustion energy conversion processes [84, 85]. The rapid decomposition process of 
HOCO to CO2, described by Rasmussen et al. [45] also concludes the insignificance of 
reaction channel (R1). Therefore, (R2) is considered as the most dominant CO oxidation 
reaction path and a major source of heat release. 
 
Figure 3.2 Measured flame temperature vs. equivalence ratio for different H2/CO 
ratios at flow rate of 4 LPM 
 
As illustrated in Figure 3.3, a uniform radial temperature profile was obtained up 
to a radial distance of ~7 mm, beyond which the temperature started to decrease due to 
heat loss. 
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Figure 3.3 Radial temperature profiles at different heights above flame (HAF) for 
H2/CO=1 and ɸ=0.5 
The observed temperature gradients towards the outer part of the flame is 
consistent with other prior observations of McKenna burner studies [86]. The 
experimental measurements for the centreline temperature are provided in Figure 3.4. 
 
Figure 3.4 Centerline temperature profiles for H2/CO=1 and ɸ=0.5 
Apart from the centerline measurements, a two-dimensional temperature 
mapping/measurement was performed experimentally for ɸ=0.5 and H2/CO=1. The two-
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dimensional temperature mapping was conducted by translating the thermocouple above 
the burner to collect temperature measurements every 1mm in radial direction and every 
1cm in axial direction for total points of 525. The results are shown in Figure 3.5. This 
plot gives an idea of the changes in the temperature in both vertical and radial direction 
and could be a reliable source to be used in validation of simulation data. 
 
 
 
 
Figure 3.5 2-D temperature contours for H2/CO=1 and ɸ=0.5 
 
3.2.3 Speciation Data 
3.2.3.1. NO in the feed 
Species concentration measurements were obtained by extracting a sample from 
the centerline of the McKenna burner near the flame by the sampling probe. The use of 
FTIR spectroscopy allows the concentrations of NOx species to be measured individually. 
Initially, 100 ppm NO was introduced to the burner at atmospheric pressure. The 
equivalence ratio, H2/CO ratio of fuel and the probe position above the burner were 
varied and the concentration profiles of NO, and NO2 were collected. No visible amount 
of N2O was observed in the experiments. The measured concentrations of NO and NO2 
are presented in Figure 3.6 and Figure 3.7 for different equivalence ratios and H2/CO 
ratios, respectively. As the equivalence ratio increases from lean to stoichiometric in 
  
28 
Figure 3.6, the NO concentration increases while the NO2 concentration decreases. Based 
on path flux analysis conducted by Ahmed et al. [73], one of the dominant NO formation 
paths was found to be the high temperature extended Zeldovich path, N + OH = NO + H 
(R3), which has increased contribution for ɸ=1.0 (34%) in comparison to ɸ=0.5 (20%). 
The analysis also suggests that one of the dominant paths of NO2 production is NO + O 
(+M) = NO2 (+M) (R4), which has an opposite trend compared to the extended Zeldovich 
path (N + OH = NO + H (R3)) for the same equivalence ratios, which results in lower 
NO2 formation at higher equivalence ratios.  
 
Figure 3.6 NO and NO2 concentrations near the flame with 100 ppm NO in 
feed for different ɸ with H2/CO=1 
Figure 3.7 illustrates the NO and NO2 concentrations at different H2/CO ratios. 
The experiments show a slight decrease in NO concentration when the H2/CO ratio 
increased from 0.25 to 1.0. Based on the flux analysis performed for H2/CO ratios of 0.25 
and 1.0 [73], besides NO-NO2 interconversion paths, both of the cases show NO-HNO 
paths. However, the prominent sources of HNO are from NH + OH = HNO + H (R5), 
which is more dominant for H2/CO=1.0 (45%), compared to H2/CO=0.25 (15%) and NH 
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+ O2 = HNO + O (R6), which is also more dominant for H2/CO=1.0 (12%), compared to 
H2/CO=0.25 (6%). On the other hand, since NH significantly contributes to the formation 
of NO by the reaction NH + O = NO + H (R7), a higher consumption of NH by (R5) and 
(R6) leads to a lower production of NO by (R7) for H2/CO=1.0. 
 
Figure 3.7 NO and NO2 concentrations near the flame with 100 ppm NO in 
feed for different H2/CO ratios with ɸ=0.5 
 
As seen, the results show considerable NO2 formation. As previously discussed, 
all the sampling tests were conducted by a hot-water-cooled probe. Based on the 
literature, use of a cooled probe for sampling may result in formation of NO2 due to 
accelerated quenching in the probe. On the other hand, use of an uncooled probe can 
result in destruction of NO2 in the probe [87]. To minimize the probe effects, the hot-
water-cooled probe with a fine orifice and slow sampling rate at low pressure was 
employed. In an effort to check if NO2 is being formed in the probe due to cooling, the 
experiments were repeated with the uncooled probe. Figure 3.8 illustrates the 
concentrations of NO and NO2 at various distances above the burner sampled with both 
cooled and uncooled probes. Consistent results were obtained with cooled and uncooled 
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probes and the difference in the NO2 concentration was found to be within experimental 
uncertainty. Therefore, it can be concluded that, there is no additional NO2 formation in 
the probe after sampling.  
 
Figure 3.8 Comparison of sampling with cooled and uncooled probes for H2/CO=1 and 
ɸ=0.5 with 500 ppm NO in feed 
 
3.3.2.2 NO2 in the feed 
In addition to the experiments with 100 ppm NO in feed, tests were conducted 
with an initial NO2 concentration of 75 ppm in the fuel/air mixture and the measured NOx 
concentrations near the flame is depicted in Figure 3.9 and Figure 3.10. Figure 3.9 shows 
that an increase in equivalence ratio leads to an increase and decrease in the NO and NO2 
concentrations, respectively. Based on the path flux analysis conducted by Ahmed et al. 
[73], reaction pathways were found to be similar to the case with 100 ppm NO in feed. 
The reaction path of N + OH = NO + H (R3) is one of the major pathways for NO 
formation, which has significantly higher contribution at ɸ=1.0 (33%) than ɸ=0.5 (18%). 
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Similarly, NO to NO2 path, NO + O (+M) = NO2 (+M) (R4), is less dominant for ɸ=1.0 
(48%) than for ɸ=0.5 (75%), leading to lower formation of NO2 at higher equivalence 
ratios.  
 
Figure 3.9 NO and NO2 concentrations with 75 ppm NO2 in feed for different ɸ with 
H2/CO=1 
 
Additionally, Figure 3.10 shows the NO and NO2 concentrations at different 
H2/CO ratios. As seen in this figure, a decrease in NO is observed as the H2/CO ratio 
increases, which is consistent with previous experimental efforts in the literature [20, 32, 
34, 36]. According to the results of NOx path flux analysis for H2/CO ratios of 0.25 and 
1.0 [73], besides NO-NO2 interconversion paths, fluxes for both cases show NO-HNO 
paths. With 75 ppm of NO2 doping, the overall contribution of NO to the formation of 
HNO through NO + H (+M) = HNO (+M) (R8) decreases comparing to the NO doping 
case, due to the fact that a small percentage of NO comes from NO2 through the reaction 
NO2 + H = NO + OH (R9). Consequently, the other HNO formation path through NH 
reactions, NH + OH = HNO + H (R5) with contribution of 47% and NH + O2 = HNO + O 
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(R6) with contribution of 13%, become dominant. Besides, similar to the NO doping 
case, a more dominant NH-HNO path via NH + OH = HNO + H (R5) is observed for 
H2/CO=1.0 (47%) compared to H2/CO=0.25 (17%), which leads to a lower production of 
NO for H2/CO=1.0. 
 
Figure 3.10 NO and NO2 concentrations with 75 ppm NO2 in feed for different H2/CO 
ratios with ɸ=0.5 
 
Figure 3.11 illustrates the temperature contours distribution over the entire burner 
surface. Due to the geometry of the McKenna burner, a stagnant zone is formed leading 
to the formation of recirculation bubbles. The temperature gradually decreases 
downstream indicating the inherent two-dimensionality of the post-combustion gases 
[73]. 
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Figure 3.12 and Figure 3.13 illustrate the axial distribution of NO, NO2 and 
temperature for 100 ppm NO and 75 ppm NO2 in feed, respectively. As shown for both 
cases, NO concentration increases right above the flame while NO2 concentration 
decreases. Based on the flux analysis [73], NO2-NO conversion reactions, NO2 + H = NO 
+ OH (R10), NO + O (+M) = NO2 (+M) (R11), NO2 + O = NO + O2 (R12) and NO2 + 
OH = NO + HO2 (R13), were found to occur close to the burner. One of the most 
dominant reactions is (R10) with a contribution of 86%, leading to an increase in the NO 
concentration. As the temperature cools down, a decrease in NO concentration is 
observed without significant increase in NO2 suggesting that the decrease in NO is not 
solely in accordance with NO-NO2 interconversion. Besides the NO-NO2 interconversion 
paths, flux analysis for this particular case confirms NO-HNO interconversion paths 
through reactions NO + H (+M) = HNO (+M) (R8), HNO + H = NO + H2 (R14), HNO + 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 Temperature contour for H2/CO=1 and ɸ=0.5 with 100 ppm NO in 
feed for entire burner 
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OH = NO + H2O (R15), HNO + O = NO + OH (R16) with 39% contribution for (R8) as a 
major path.  
 
Figure 3.12 NOx speciation and temperature data for H2/CO=1.0 and ɸ=0.5 with 100ppm 
NO in feed 
 
 
Figure 3.13 NOx speciation and temperature data for H2/CO=1.0 and ɸ=0.5 with 75ppm 
NO2 in feed 
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There is a sharp decrease observed from the experiments, which is attributed to 
dilution occurring away from the burner surface due to air circulation in the fume hood. 
To check this, experiments were repeated with the burner enclosed in the stainless-steel 
chamber and a flat NO profile was obtained after 10mm, which confirms that the 
decrease after 10 mm is due to dilution. It is believed that the fume hood dilution plays a 
significant role in these measurements away from the burner approaching the outlet 
region. 
 
3.3 Conclusions 
Syngas/air combustion experiments were conducted at atmospheric pressure 
under a variety of conditions changing the equivalence ratio, H2/CO ratio and flow rate of 
fuel/air mixture. Flame stability tests for the McKenna burner were conducted and stable 
regions were determined. Flame temperature measurements as well as radial and axial 
temperature profiles were collected at various conditions. FTIR spectroscopy was applied 
for detection of NOx species under various conditions to validate the simulation results by 
Ahmed et al. [73]. The results show a clear decrease in NO concentration when the 
H2/CO ratio increases, which is explained by the NO-HNO path. Since NH contributes to 
NO formation, a higher consumption of NH leads to a lower production of NO for 
H2/CO=1.0. Moreover, based on the axial profiles above the burner, NO concentration 
increases right above the flame while NO2 concentration decreases through NO2-NO 
conversion reactions.   
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CHAPTER 4 
EFFECT OF FUEL COMPOSITION ON NOX FORMATION IN HIGH-
PRESSURE SYNGAS/AIR COMBUSTION2 
 
4.1 Introduction 
In this study, an experimental investigation of premixed syngas flames has been 
conducted in a high-pressure burner facility to investigate the effects of pressure and the 
presence of hydrocarbons, such as CH4 and C2H6, on NOx speciation. Concentrations of 
both NO and NO2 have been measured for various fuel compositions at different 
pressures up to 15 bar. High-pressure speciation data that is obtained in this study can 
provide validation information needed for improving the kinetic models available in the 
literature by providing further constraints. 
4.2 Results and Discussions 
4.2.1 Effect of Pressure on NOx Formation 
In these series of experiments, the effect of increasing the pressure up to 15 bar on 
NOx speciation was investigated. The experiments were conducted by feeding 100 ppm 
NO into the syngas flame with H2/CO=1 and ɸ=0.5 to collect the concentration profiles 
of NO and NO2. No detectable amount of N2O was observed in the experiments. Figure 
4.1 illustrates concentration profiles of NO and NO2 while Figure 4.2 shows the
                                                            
2
 Asgari, N. and Padak. B., Effect of fuel composition on NOx formation in high-pressure syngas/air 
combustion. AIChE Journal, 2018. 64(8): p. 3134-3140. 
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 temperature profiles at different heights above the flame for 1 bar and 7 bar. The vertical 
error bars represent the error resulting from the difference in the concentrations of NO 
and NO2 obtained from multiple runs. The horizontal error bars with +/- 0.4 mm takes 
into account the uncertainty in the probe position with respect to the flame position. As 
shown in previous work by the authors conducted at atmospheric pressure [73], NO 
concentration increases right above the flame while NO2 concentration decreases which 
is resulting from NO2-NO conversion reactions, found to occur close to the burner. At 
lower temperatures, NO concentration decreases due to NO-HNO interconversion paths 
in addition to the NO-NO2 interconversion paths. A similar trend was also observed for 
the experiments conducted at elevated pressures in this study.  
  
Figure 4.1 Effect of pressure on NO and NO2 concentration profiles with 100 ppm NO in 
feed for H2/CO=1.0 and ɸ =0.5 
 
As seen in Figure 4.1, when the pressure is increased NO concentration decreases 
while NO2 increases. The main route of NO2 formation is via NO + HO2 → NO2 + OH 
(R17), and the HO2 radical could be formed via H + O2 + M → HO2 + M (R18) [23, 88]. 
Since this three-body recombination reaction is pressure sensitive, increasing the pressure 
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results in an increase in NO2 concentration, thus a decrease in NO concentration can be 
observed [21, 23]. Additionally, when pressure is increased a significant drop in the 
temperature profile was observed, which could be due to cooling by the nitrogen flow 
around the diffuser. NO2 could be destroyed at higher temperatures (>1000K) [23] since 
the formation of HO2 via (R2) could be limited by competition with H + O2 → OH + O 
(R19). This competition can result in less HO2 and more OH and O formed, which can 
then attack HO2 and NO2. Therefore, when the temperature decreases for the high-
pressure experiments, formation of HO2 and NO2 becomes significant and the amount of 
NO decreases.  
 
Figure 4.2 Effect of pressure on temperature profile with 100 ppm NO in feed for 
H2/CO=1.0 and ɸ =0.5 
 
To show the effect of pressure in the post-flame region, NO and NO2 
concentrations measured right above the flame were plotted as a function of pressure in 
Figure 4.3. Especially in the near-flame zone, there is a clear decrease in the NO 
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concentration while the NO2 concentration increases when the pressure is increased 
from1 bar to 15 bar due to the dependence of NO to NO2 conversion on pressure.  
 
Figure 4.3 Effect of pressure on NO and NO2 concentrations in the post-flame region 
with 100 ppm NO in feed for H2/CO=1.0 and ɸ =0.5 
 
 
4.2.2 Effect of Hydrocarbons on NOx Formation  
As the NOx chemistry in the post-flame region will be influenced by the presence 
of hydrocarbon species in syngas, experiments were carried out to show the effects of 
pressure and hydrocarbons on NOx emissions. Syngas was blended with 100 ppm NO and 
trace amount of CH4, with a concentration of 1% in fuel, prior to combustion. Figure 4.4 
and Figure 4.5 illustrate the effect of CH4 on NOx speciation and temperature profiles in 
the post-flame region at 1 bar while the concentration and temperature profiles for 7 bar 
are shown in Figure 4.6 and Figure 4.6, respectively. As it is seen in both Figure 4.5 and 
Figure 4.7, there is not a considerable change in temperature when 1% CH4 is added. 
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Figure 4.4 Effect of CH4 on NO and NO2 concentration profiles at 1 bar with 100 
ppm NO in feed for H2/CO=1.0 and ɸ=0.5 
 
 
 
Figure 4.5 Effect of CH4 on temperature profile at 1 bar with 100 ppm NO in feed for 
H2/CO=1.0 and ɸ =0.5 
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Figure 4.6 Effect of CH4 on NO and NO2 concentration profiles at 7 bar with 100 
ppm NO in feed for H2/CO=1.0 and ɸ =0.5 
 
 
 
 
Figure 4.7 Effect of CH4 on temperature profile at 7 bar with 100 ppm NO in 
feed for H2/CO=1.0 and ɸ =0.5 
 
 
Figure 4.4 and Figure 4.6 show that, for a given pressure (1 bar or 7 bar), the 
presence of CH4 in the syngas mixture results in an increase in NO formation near the 
flame, possibly due to prompt NO formation. NO2 concentration also increases in 
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presence of CH4, although the increase is more pronounced at atmospheric pressure. 
Presence of CH4 can cause an increase in the formation of CH radicals, which contribute 
to prompt NO formation [37]. The reaction of CH with molecular nitrogen by CH + N2 = 
HCN + N (R20) represents the initiation step for prompt NO formation [37, 89] and the 
oxidation of HCN results in NO formation [90, 91]. Presence of CH4 could also yield 
more H atoms to participate in NNH formation to produce more NO [31]. Figure 4.8 and 
Figure 4.9 illustrate the concentration profiles of NO and NO2 as well as temperature at 
different pressures in presence of CH4. Comparison of NO concentrations at different 
pressures show that NO levels increase with increasing pressure when CH4 is present. 
Since this is in contrary to the behavior observed when the pressure is increased without 
CH4, it can be concluded that the effect of CH4 due to prompt NO formation is more 
dominant than the pressure effect.  
 
Figure 4.8 Effect of pressure on NO and NO2 concentration profiles in presence of CH4 
(1%) with 100 ppm NO in feed for H2/CO=1.0 and ɸ=0.5 
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Figure 4.9 Effect of pressure on temperature profile in presence of CH4 (1%) with 100 
ppm NO in feed for H2/CO=1.0 and ɸ =0.5 
 
In addition to the experiments conducted with 1% CH4 in the fuel, C2H6 was also 
introduced to the fuel/air mixture at a concentration of 1% at atmospheric pressure. A 
comparison of NOx concentrations near the flame with and without ethane addition at 
1bar is depicted in Figure 4.10.  
 
Figure 4.10 Effect of C2H6 on NO and NO2 concentration profiles at 1 bar with 
100 ppm NO in feed for H2/CO=1.0 and ɸ =0.5 
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Adding C2H6 to the fuel influences the NOx chemistry in a way similar to CH4 
does. The presence of 1% C2H6 increases both NO and NO2 concentrations, which could 
be attributed to a possible increase in prompt NO due to increased CH radical formation.  
4.3 Conclusions 
FTIR measurements of NOx concentrations in syngas/air flames with 100 ppm 
NO in feed were conducted as a function of pressure, CH4 and C2H6 amount in fuel (0 
and 1%), and axial distance in the post-flame region. When the pressure is increased, NO 
concentration decreases while NO2 increases due to the effect of pressure on the three-
body reactions that lead to increased NO2 formation. The change in temperature for the 
high-pressure experiments also favors NO2 formation. In addition, the presence of 
hydrocarbons increases the NOx concentrations. Presence of CH4 and C2H6 can cause 
increased formation of CH radicals that lead to prompt NO formation through HCN. 
Presence of hydrocarbons could also yield more H atoms to participate in NNH formation 
to produce more NO. Comparison of NO concentrations in presence of CH4 at different 
pressures shows that the effect of CH4 due to prompt NO formation is more dominant 
than the effect of pressure on NO. The high-pressure speciation data collected in this 
study can be utilized to validate existing reaction mechanisms in the literature by 
providing further constraints, which would aid in both turbine design and predicting the 
amount of emissions from gas turbines. 
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CHAPTER 5 
EXPERIMENTAL INVESTIGATION ON NOX FORMATION IN 
SYNGAS/AIR PRESSURIZED PREMIXED COMBUSTION IN 
PRESENCE OF A DILUENT3 
 
5.1 Introduction 
In practical applications, H2O and CO2 are frequently used as diluents to achieve 
low pollutant emissions [92]. Motivated by this consideration, the purpose of this study is 
to examine the effects of CO2 on NOx emissions in the post-flame region of a high-
pressure air/syngas combustion system. The study can provide reliable data of NOx 
formation for high-pressure gas turbine combustor design and validation of numerical 
predictions. We report herein the effect of CO2 diluent on NOx emissions in premixed 
syngas/air flame at pressures of 1 and 7 bar. The syngas flames were simulated using 
three representative gas mixtures containing: 1) 50% H2 and 50% CO, 2) 45% H2, 45% 
CO, and 10% CO2 and 3) 40% H2, 40% CO, and 20% CO2 by volume. Similar to the 
previous sections, 100 ppm NO was injected to the feed prior to the syngas mixture with 
H2/CO=1 and ɸ=0.5 to collect the temperature and concentration profiles of NO and 
NO2. 
                                                            
3
 Asgari, N. Cichowitz. R. and B. Padak, Experimental investigation on NOx formation in syngas/air 
pressurized premixed combustion in presence of diluents. To be submitted 
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5.2 Results and Discussions 
The effect of CO2 diluent on NO and NO2 concentration profiles as well as 
temperature in the post-flame region at 1 bar is depicted in Figure 5.1 and Figure 5.2, 
respectively.  
 
Figure 5.1 Effect of CO2 on NO and NO2 concentration profiles at 1 bar with 100 
ppm NO in feed for H2/CO=1.0 and ɸ=0.5 
 
As seen in Figure 5.1, the NO concentration decreases as the amount of CO2 is 
increased from no dilution to 20% dilution by volume. Adding a diluent could result in a 
reduction of both thermal and prompt NO [36, 37, 56, 58]. 
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Figure 5.2 Effect of CO2 on temperature profile at 1 bar with 100 ppm NO in feed for 
H2/CO=1.0 and ɸ=0.5 
 
As shown in Figure 5.2, addition of CO2 causes a decrease in the flame 
temperature, which in turn may affect the NOx concentration. The temperature drop could 
result from either the high heat capacity or the radiation effects of CO2, which 
consequently reduces the NOx. Also, CO2 dilution could have chemical effects, reducing 
the concentrations of radicals such as OH, N, and HCN radicals [37]. As the thermal NOx 
level is very low in this study, there is a possibility of prompt NO reduction due to CO2 
presence. Based on these data, 10 and 20% dilution with CO2 leads to a decrease in the 
NO concentration by 18 and 21%, respectively. On the other hand, dilution increases the 
NO2 concentration. Dilution with 10% CO2 increases the NO2 by 29% and 20% CO2 
increases the NO2 by 33%. 
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Figure 5.3 Effect of CO2 on NO and NO2 concentration profiles at 7 bar with 100 
ppm NO in feed for H2/CO=1.0 and ɸ =0.5 
 
Similar to the atmospheric pressure tests, the experiments were repeated at 7 bar. 
Figure 5.3 presents the NOx speciation profiles at 7 bar. At high pressure, 10 and 20% 
dilution with CO2 decreases the NO concentration by 20 and 23%, respectively. 
Additionally, NO2 concentration increases by 15 and 6% for 10 and 20%, respectively. 
These results are similar to those of atmospheric pressure experiments and the trend 
could be due to similar reasons explained above. 
5.3 Conclusions 
FTIR measurements of NOx concentrations in syngas/air flames with 100 ppm 
NO in feed were conducted with CO2 amount of 10 and 20% at pressures of 1 bar and 7 
bar. Based on the presented results, dilution with CO2 leads to a reduction in both the 
flame temperature and the concentration of NO at both pressures. In addition to the 
thermal effect, addition of CO2 could likely decrease the concentrations of HCN, N and 
OH, which in turn reduces the prompt NO. 
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CHAPTER 6 
SUMMARY AND FUTURE WORK 
Increasing interest in syngas combustion in gas turbines has led to highlighting 
the environmental feasibility, in particular the control of nitrogen oxide (NOx) emissions. 
Despite the established feasibility of syngas, there are challenges with the variations in 
the syngas composition, which could influence the NOx emissions. As mentioned in 
former chapters, previous studies in the literature reported the data mainly for 
measurement of NO or total NOx and detailed data for NOx speciation especially at 
elevated pressures in presence of hydrocarbons and diluents is needed. In this work, an 
experimental study on NOx formation in lean premixed H2/CO/air combustion with the 
presence of CH4 and C2H6 hydrocarbons and CO2 diluents was conducted. In addition, 
the effect of pressure on NOx formation was investigated at relevant conditions. 
The current experimental work offers practical and necessary information 
regarding NOx speciation in the post-flame region of syngas/air combustion at various 
conditions. The uniqueness of this work is that the individual NOx components (NO and 
NO2) were measured as opposed to total NOx or NO measurements reported in the 
literature. Various conditions were studied including different flowrates, H2/CO ratios 
and equivalence ratios and the effects of hydrocarbons and CO2 as a diluent were 
investigated at various pressures up to 15 bar. The study also presents useful information 
regarding flame stability, temperature profiles as well as NO and NO2 profiles at various
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conditions, which could be used to validate kinetic simulations and improve the existing 
mechanisms.   
In addition to the experimental results presented here, additional experiments 
could be performed in the future. As mentioned previously, the effect of other diluents 
such as water could be significant on NOx formation. Similar to NOx, CO emissions can 
also be influenced by various conditions in syngas combustion. So, future work will 
investigate NOx-CO speciation data at higher pressures considering the effect of injecting 
water. Furthermore, the high-pressure facility is capable of operating at pressures up to 
25 bar. Experiments at higher pressures could be conducted in the future.  
Moreover, exhaust gas recirculation (EGR) can be applied with the goal of 
reducing CO2 emissions. As the exhaust gas is injected to the combustion system, the 
CO2 concentration in the exhaust gas not being recirculated will be higher and easy to 
capture. However, the composition change, especially the lower oxygen concentration 
will affect the combustion temperature and the NOx emissions. So, recirculation of the 
exhaust gas could be conducted later to see its impact on NOx speciation.  
Some complementary tests for both temperature and speciation data using Laser 
diagnostic techniques could be conducted as well.  The pressure vessel has optical 
windows to accommodate laser diagnostics. Quantitative measurements can be obtained 
using both physical techniques, such as probe-sampling [93, 94], and optical techniques, 
such as laser induced fluorescence (LIF) [95-99]. Probe-sampling combined with FTIR is 
advantageous since it possesses a lower detection limit, is easier to use, and is less 
expensive than laser-based methods. However, a physical probe can disrupt the flow 
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field, potentially altering the concentrations of radical species. Although, the probe 
effects could be minimized, they remain a difficulty in combustion sampling. This 
disadvantage can be overcome by employing optical techniques to measure the radicals 
existing in combustion set-ups.  
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APPENDIX A 
TEMPERATURE MEASURMENTS 
During the current investigation, temperature measurements have been carried out 
for various conditions both in atmospheric-pressure and high-pressure combustion 
systems. Herein, the temperature measurements considering the radiation loss and the 
measurement errors are presented in the following tables. 
Table A.1 Flame temperature vs. equivalence ratio for flow rates of 3 and 4 LPM at 
H2/CO=1.0 
ɸ 
Flowrate: 3 LPM Flowrate: 4 LPM 
T (K) Corrected  T (K) T (K) 
Corrected  
T (K) 
0.5 1396 1485.84 1457 1551.72 
0.6 1417 1508.52 1466 1561.44 
0.7 1433 1525.8 1504 1602.48 
0.8 1470 1565.76 1543 1644.6 
0.9 1510 1608.96 1585 1689.96 
1 1537 1638.12 1613 1720.2 
 
 
Table A.2 Flame temperature vs. equivalence ratio for flow rates of 5 and 6 LPM at 
H2/CO=1.0 
ɸ 
Flowrate: 5 LPM Flowrate: 6 LPM 
T (K) Corrected  T (K) T (K) 
Corrected  
T (K) 
0.5 1509 1607.88 1544 1645.68 
0.6 1522 1621.92 1567 1670.52 
0.7 1567 1670.52 1599 1705.08 
0.8 1612 1719.12 1640 1749.36 
0.9 1654 1764.48 1678 1790.4 
1 1672 1783.92 1700 1814.16 
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Table A.3 Flame temperature vs. equivalence ratio for H2/CO of 0.25 and 0.33 at flow 
rate of 4 LPM 
ɸ 
H2/CO: 0.25 H2/CO: 0.33 
T (K) Corrected  T (K) T (K) 
Corrected  
T (K) 
0.5 1457 1551.72 1473 1569 
0.6 1466 1561.44 1484 1580.88 
0.7 1504 1602.48 1526 1626.24 
0.8 1543 1644.6 1563 1666.2 
0.9 1585 1689.96 1614 1721.28 
1 1613 1720.2 1629 1737.48 
 
Table A.4 Flame temperature vs. equivalence ratio for H2/CO of 0.5, 0.75 and 1.00 at 
flow rate of 4 LPM 
ɸ 
H2/CO: 0. 5 H2/CO: 0.75 H2/CO: 1.00 
T (K) Corrected  T (K) T (K) 
Corrected  
T (K) T (K) 
Corrected  
T (K) 
0.5 1487 1584.12 1509 1607.88 1527 1627.32 
0.6 1514 1613.28 1531 1631.64 1543 1644.6 
0.7 1553 1655.4 1570 1673.76 1593 1698.6 
0.8 1594 1699.68 1607 1713.72 1637 1746.12 
0.9 1638 1747.2 1652 1762.32 1677 1789.32 
1 1652 1762.32 1664 1775.28 1693 1806.6 
 
Table A.5 Radial temperature profile right above the flame (HAF=0 mm) for H2/CO=1 
and ɸ=0.5 
r (mm) T1 (K) Corrected  T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
-12 1218 1293.6 1225 1301.16 1297.38 5.35 3.78 
-11 1332 1416.72 1340 1425.36 1421.04 6.11 4.32 
-10 1400 1490.16 1409 1499.88 1495.02 6.87 4.86 
-9 1423 1515 1424 1516.08 1515.54 0.76 0.54 
-8 1440 1533.36 1441 1534.44 1533.9 0.76 0.54 
-7 1449 1543.08 1450 1544.16 1543.62 0.76 0.54 
-6 1455 1549.56 1456 1550.64 1550.1 0.76 0.54 
-5 1456 1550.64 1456 1550.64 1550.64 0.00 0 
-4 1455 1549.56 1456 1550.64 1550.1 0.76 0.54 
-3 1455 1549.56 1455 1549.56 1549.56 0.00 0 
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Table A.5 (Continued) Radial temperature profile right above the flame (HAF=0 mm) for 
H2/CO=1 and ɸ=0.5 
 
Table A.6 Radial temperature profile at height above the flame (HAF)=10 mm for 
H2/CO=1 and ɸ=0.5 
r (mm) T1 (K) Corrected  T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
-2 1454 1548.48 1455 1549.56 1549.02 0.76 0.54 
-1.00 1455 1549.56 1455 1549.56 1549.56 0.00 0 
0 1457 1551.72 1457 1551.72 1551.72 0.00 0 
1 1456 1550.64 1457 1551.72 1551.18 0.76 0.54 
2 1457 1551.72 1457 1551.72 1551.72 0.00 0 
3 1457 1551.72 1457 1551.72 1551.72 0.00 0 
4 1456 1550.64 1457 1551.72 1551.18 0.76 0.54 
5 1452 1546.32 1453 1547.4 1546.86 0.76 0.54 
6 1448 1542 1449 1543.08 1542.54 0.76 0.54 
7 1434 1526.88 1436 1529.04 1527.96 1.53 1.08 
8 1421 1512.84 1424 1516.08 1514.46 2.29 1.62 
9 1401 1491.24 1402 1492.32 1491.78 0.76 0.54 
10 1375 1463.16 1377 1465.32 1464.24 1.53 1.08 
11 1323 1407 1331 1415.64 1411.32 6.11 4.32 
12 1203 1277.4 1211 1286.04 1281.72 6.11 4.32 
r (mm) T1 (K) Corrected  T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
-12 979 1035.48 1106 1172.64 1104.06 96.99 68.58 
-11 1056 1118.64 1114 1181.28 1149.96 44.29 31.32 
-10 1106 1172.64 1204 1278.48 1225.56 74.84 52.92 
-9 1146 1215.84 1233 1309.8 1262.82 66.44 46.98 
-8 1185 1257.96 1269 1348.68 1303.32 64.15 45.36 
-7 1260 1338.96 1331 1415.64 1377.3 54.22 38.34 
-6 1295 1376.76 1315 1398.36 1387.56 15.27 10.8 
-5 1305 1387.56 1330 1414.56 1401.06 19.09 13.5 
-4 1325 1409.16 1341 1426.44 1417.8 12.22 8.64 
-3 1345 1430.76 1351 1437.24 1434 4.58 3.24 
-2 1356 1442.64 1361 1448.04 1445.34 3.82 2.7 
-1.00 1367 1454.52 1370 1457.76 1456.14 2.29 1.62 
0 1368 1455.6 1372 1459.92 1457.76 3.05 2.16 
1 1364 1451.28 1368 1455.6 1453.44 3.05 2.16 
2 1364 1451.28 1370 1457.76 1454.52 4.58 3.24 
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Table A.6 (Continued) Radial temperature profile at height above the flame (HAF) =10 
mm for H2/CO=1 and ɸ=0.5 
 
Table A.7 Radial temperature profile at height above the flame (HAF)=20 mm for 
H2/CO=1 and ɸ=0.5 
r (mm) T1 (K) Corrected  T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
3 1350 1436.16 1362 1449.12 1442.64 9.16 6.48 
4 1356 1442.64 1363 1450.2 1446.42 5.35 3.78 
5 1308 1390.8 1352 1438.32 1414.56 33.60 23.76 
6 1295 1376.76 1345 1430.76 1403.76 38.18 27 
7 1274 1354.08 1323 1407 1380.54 37.42 26.46 
8 1196 1269.84 1264 1343.28 1306.56 51.93 36.72 
9 1176 1248.24 1241 1318.44 1283.34 49.64 35.1 
10 1118 1185.6 1236 1313.04 1249.32 90.11 63.72 
11 1056 1118.64 1124 1192.08 1155.36 51.93 36.72 
12 1042 1103.52 1091 1156.44 1129.98 37.42 26.46 
r (mm) T1 (K) Corrected  T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
-12 735 771.96 949 1003.08 887.52 163.43 115.56 
-11 842 887.52 963 1018.2 952.86 92.40 65.34 
-10 819 862.68 1001 1059.24 960.96 138.99 98.28 
-9 960 1014.96 1099 1165.08 1090.02 106.15 75.06 
-8 968 1023.6 1119 1186.68 1105.14 115.32 81.54 
-7 1074 1138.08 1144 1213.68 1175.88 53.46 37.8 
-6 1116 1183.44 1187 1260.12 1221.78 54.22 38.34 
-5 1131 1199.64 1206 1280.64 1240.14 57.28 40.5 
-4 1128 1196.4 1204 1278.48 1237.44 58.04 41.04 
-3 1164 1235.28 1228 1304.4 1269.84 48.88 34.56 
-2 1174 1246.08 1243 1320.6 1283.34 52.69 37.26 
-1.00 1193 1266.6 1248 1326 1296.3 42.00 29.7 
0 1234 1310.88 1254 1332.48 1321.68 15.27 10.8 
1 1193 1266.6 1244 1321.68 1294.14 38.95 27.54 
2 1174 1246.08 1211 1286.04 1266.06 28.26 19.98 
3 1153 1223.4 1230 1306.56 1264.98 58.80 41.58 
4 1117 1184.52 1194 1267.68 1226.1 58.80 41.58 
5 1092 1157.52 1185 1257.96 1207.74 71.02 50.22 
6 1105 898.56 1155 1225.56 1198.56 38.18 27 
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Table A.7 (Continued) Radial temperature profile at height above the flame (HAF)=20 
mm for H2/CO=1 and ɸ=0.5 
 
 
Table A.8 Axial temperature profile with 100 ppm NO in feed for H2/CO=1.0 and ɸ =0.5 
at 1 bar 
r (mm) T1 (K) Corrected  T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
7 1074 865.08 1100 893.16 1152.12 19.86 14.04 
8 959 740.88 1071 861.84 1074.36 85.53 60.48 
9 919 697.68 1030 817.56 1030.62 84.77 59.94 
10 797 838.92 968 1023.6 931.26 130.59 92.34 
11 732 768.72 906 956.64 862.68 132.88 93.96 
12 723 759 923 975 867 152.74 108 
HAF 
(mm) T1 (K) 
Corrected  
T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0 1481 1577.64 1481 1577.64 1577.64 0 0 
1 1471 1566.84 1471 1566.84 1566.84 0 0 
2 1458 1552.8 1458 1552.8 1552.8 0 0 
3 1448 1542 1451 1545.24 1543.62 2.29 1.62 
4 1439 1532.28 1440 1533.36 1532.82 0.76 0.54 
5 1428 1520.4 1436 1529.04 1524.72 6.11 4.32 
6 1424 1516.08 1426 1518.24 1517.16 1.53 1.08 
7 1398 1488 1400 1490.16 1489.08 1.53 1.08 
8 1376 1464.24 1378 1466.4 1465.32 1.53 1.08 
9 1352 1438.32 1354 1440.48 1439.4 1.53 1.08 
10 1313 1396.2 1319 1402.68 1399.44 4.58 3.24 
11 1296 1377.84 1298 1380 1378.92 1.53 1.08 
12 1282 1362.72 1286 1367.04 1364.88 3.05 2.16 
13 1275 1355.16 1281 1361.64 1358.4 4.58 3.24 
14 1267 1346.52 1274 1354.08 1350.3 5.35 3.78 
15 1255 1333.56 1263 1342.2 1337.88 6.11 4.32 
16 1241 1318.44 1248 1326 1322.22 5.35 3.78 
17 1233 1309.8 1243 1320.6 1315.2 7.64 5.4 
18 1206 1280.64 1216 1291.44 1286.04 7.64 5.4 
19 1184 1256.88 1186 1259.04 1257.96 1.53 1.08 
20 1168 1239.6 1173 1245 1242.3 3.82 2.7 
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Table A.9 Axial temperature profile in presence of CH4 (1%) with 100 ppm NO in feed 
for H2/CO=1.0 and ɸ =0.5 at 1 bar 
 
Table A.10 Axial temperature profile in presence of CO2 (10%) with 100 ppm NO in feed 
for H2/CO=1.0 and ɸ =0.5 at 1 bar 
HAF 
(mm) T1 (K) 
Corrected  
T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0 1469 1564.68 1475 1571.16 1567.92 4.58 3.24 
1 1455 1549.56 1461 1556.04 1552.8 4.58 3.24 
2 1434 1526.88 1439 1532.28 1529.58 3.82 2.7 
3 1414 1505.28 1418 1509.6 1507.44 3.05 2.16 
4 1391 1480.44 1401 1491.24 1485.84 7.64 5.4 
5 1356 1442.64 1369 1456.68 1449.66 9.93 7.02 
6 1335 1419.96 1352 1438.32 1429.14 12.98 9.18 
7 1323 1407 1328 1412.4 1409.7 3.82 2.7 
8 1311 1394.04 1314 1397.28 1395.66 2.29 1.62 
9 1281 1361.64 1266 1345.44 1353.54 11.46 8.1 
10 1271 1350.84 1280 1360.56 1355.7 6.87 4.86 
11 1264 1343.28 1267 1346.52 1344.9 2.29 1.62 
12 1257 1335.72 1245 1322.76 1329.24 9.16 6.48 
13 1282 1362.72 1265 1344.36 1353.54 12.98 9.18 
14 1223 1299 1261 1340.04 1319.52 29.02 20.52 
15 1255 1333.56 1260 1338.96 1336.26 3.82 2.7 
16 1237 1314.12 1231 1307.64 1310.88 4.58 3.24 
17 1228 1304.4 1214 1289.28 1296.84 10.69 7.56 
18 1212 1287.12 1202 1276.32 1281.72 7.64 5.4 
19 1178 1250.4 1184 1256.88 1253.64 4.58 3.24 
20 1169 1240.68 1160 1230.96 1235.82 6.87 4.86 
HAF 
(mm) T1 (K) 
Corrected  
T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0 1423 1515 1428 1520.4 1517.7 3.82 2.7 
1 1411 1502.04 1413 1504.2 1503.12 1.53 1.08 
2 1385 1473.96 1392 1481.52 1477.74 5.35 3.78 
3 1379 1467.48 1391 1480.44 1473.96 9.16 6.48 
4 1364 1451.28 1380 1468.56 1459.92 12.22 8.64 
5 1359 1445.88 1371 1458.84 1452.36 9.16 6.48 
6 1347 1432.92 1354 1440.48 1436.7 5.35 3.78 
7 1340 1425.36 1343 1428.6 1426.98 2.29 1.62 
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Table A.10 (Continued) Axial temperature profile in presence of CO2 (10%) with 100 
ppm NO in feed for H2/CO=1.0 and ɸ =0.5 at 1 bar 
 
Table A.11 Axial temperature profile in presence of CO2 (20%) with 100 ppm NO in feed 
for H2/CO=1.0 and ɸ =0.5 at 1 bar 
HAF 
(mm) T1 (K) 
Corrected  
T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
8 1333 1417.8 1329 1413.48 1415.64 3.05 2.16 
9 1316 1399.44 1324 1408.08 1403.76 6.11 4.32 
10 1295 1376.76 1292 1373.52 1375.14 2.29 1.62 
11 1288 1369.2 1282 1362.72 1365.96 4.58 3.24 
12 1274 1354.08 1263 1342.2 1348.14 8.40 5.94 
13 1265 1344.36 1247 1324.92 1334.64 13.75 9.72 
14 1251 1329.24 1239 1316.28 1322.76 9.16 6.48 
15 1241 1318.44 1238 1315.2 1316.82 2.29 1.62 
16 1235 1311.96 1220 1295.76 1303.86 11.46 8.1 
17 1223 1299 1211 1286.04 1292.52 9.16 6.48 
18 1203 1277.4 1206 1280.64 1279.02 2.29 1.62 
19 1184 1256.88 1179 1251.48 1254.18 3.82 2.7 
20 1163 1234.2 1159 1229.88 1232.04 3.05 2.16 
HAF 
(mm) T1 (K) 
Corrected  
T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0 1405 1495.56 1409 1499.88 1497.72 3.05 2.16 
1 1399 1489.08 1393 1482.6 1485.84 4.58 3.24 
2 1383 1471.8 1385 1473.96 1472.88 1.53 1.08 
3 1369 1456.68 1370 1457.76 1457.22 0.76 0.54 
4 1346 1431.84 1348 1434 1432.92 1.53 1.08 
5 1331 1415.64 1333 1417.8 1416.72 1.53 1.08 
6 1315 1398.36 1316 1399.44 1398.9 0.76 0.54 
7 1312 1395.12 1313 1396.2 1395.66 0.76 0.54 
8 1293 1374.6 1300 1382.16 1378.38 5.35 3.78 
9 1274 1354.08 1284 1364.88 1359.48 7.64 5.4 
10 1272 1078.92 1276 1083.24 1354.08 3.05 2.16 
11 1250 1055.16 1253 1058.4 1329.78 2.29 1.62 
12 1239 1043.28 1242 1046.52 1317.9 2.29 1.62 
13 1228 1031.4 1230 1033.56 1305.48 1.53 1.08 
14 1231 1034.64 1235 1038.96 1309.8 3.05 2.16 
15 1211 1013.04 1217 1019.52 1289.28 4.58 3.24 
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Table A.11 (Continued) Axial temperature profile in presence of CO2 (20%) with 100 
ppm NO in feed for H2/CO=1.0 and ɸ =0.5 at 1 bar 
 
Table A.12 Axial temperature profile with 100 ppm NO in feed for H2/CO=1.0 and ɸ 
=0.5 at 7 bar 
 
 
HAF 
(mm) T1 (K) 
Corrected  
T1 (K) T2 (K) 
Corrected  
T2 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
16 1209 1010.88 1201 1002.24 1279.56 6.11 4.32 
17 1191 991.44 1193 993.6 1265.52 1.53 1.08 
18 1191 991.44 1193 993.6 1265.52 1.53 1.08 
19 1167 965.52 1179 978.48 1245 9.16 6.48 
20 1110 903.96 1131 926.64 1188.3 16.04 11.34 
HAF 
(mm) T1 (K) 
Corrected 
T1 (K) T2 (K) 
Corrected  
T2 (K) T3 (K) 
Corrected  
T3 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0 1209 1283.88 1189 1262.28 1185 1257.96 1268.04 13.8 8.01 
1 1175 1247.16 1155 1225.56 1107 1173.72 1215.48 37.7 21.7 
2 1122 1189.92 1002 1060.32 999 1057.08 1102.44 75.7 43.7 
3 966 1021.44 946 999.84 943 996.6 1005.96 13.5 7.79 
4 949 1003.08 929 981.48 960 1014.96 999.84 16.9 9.79 
5 942 995.52 872 919.92 907 957.72 957.72 37.8 21.8 
6 1028 1088.4 908 958.8 911 962.04 1003.08 73.9 42.6 
7 945 998.76 925 977.16 870 917.76 964.56 41.9 24.2 
8 906 956.64 886 935.04 875 923.16 938.28 16.9 9.79 
9 919 970.68 799 841.08 821 864.84 892.2 68.9 39.8 
10 933 985.8 833 877.8 791 832.44 898.68 78.7 45.4 
11 910 960.96 890 939.36 768 807.6 902.64 83.0 47.9 
12 832 876.72 812 855.12 796 837.84 856.56 19.4 11.2 
13 813 856.2 799 841.08 734 770.88 822.72 45.5 26.2 
14 835 879.96 815 858.36 801 843.24 860.52 18.4 10.6 
15 801 843.24 781 821.64 740 777.36 814.08 33.5 19.3 
16 836 881.04 766 805.44 751 789.24 825.24 48.9 28.2 
17 823 867 703 737.4 744 781.68 795.36 65.8 38.0 
18 793 834.6 713 748.2 754 792.48 791.76 43.2 24.9 
19 763 802.2 683 715.8 754 792.48 770.16 47.3 27.3 
20 734 770.88 687 720.12 726 762.24 751.08 27.1 15.6 
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Table A.13 Axial temperature profile in presence of CH4 (1%) with 100 ppm NO in feed 
for H2/CO=1.0 and ɸ =0.5 at 7 bar 
 
 
  
 
HAF 
(mm) T1 (K) 
Corrected 
T1 (K) T2 (K) 
Corrected  
T2 (K) T3 (K) 
Corrected  
T3 (K) Tavg (K) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0 1146 1215.84 1163 1234.2 1173 1245 1231.68 14.7 8.5 
1 1036 1097.04 1072 1135.92 999 1057.08 1096.68 39.4 22.7 
2 918 969.6 1043 1104.6 992 1049.52 1041.24 67.8 39.1 
3 910 960.96 899 949.08 903 953.4 954.48 6.01 3.47 
4 903 953.4 893 942.6 887 936.12 944.04 8.72 5.04 
5 875 923.16 890 939.36 898 948 936.84 12.68 7.28 
6 889 938.28 984 1040.88 878 926.4 968.52 62.94 36.3 
7 884 932.88 924 976.08 915 966.36 958.44 22.66 13.0 
8 873 921 882 930.72 849 895.08 915.6 18.42 10.64 
9 864 911.28 875 923.16 847 892.92 909.12 15.23 8.8 
10 915 966.36 889 938.28 863 910.2 938.28 28.08 16.21 
11 883 931.8 840 885.36 837 882.12 899.76 27.79 16.05 
12 828 872.4 822 865.92 776 816.24 851.52 30.72 17.74 
13 828 872.4 876 924.24 773 813 869.88 55.66 32.14 
14 839 884.28 879 927.48 769 808.68 873.48 60.13 34.72 
15 794 835.68 841 886.44 754 792.48 838.2 47.03 27.15 
16 830 874.56 814 857.28 750 788.16 840 45.72 26.40 
17 802 844.32 788 829.2 740 777.36 816.96 35.12 20.28 
18 793 834.6 770 809.76 716 751.44 798.6 42.69 24.65 
19 766 805.44 781 821.64 714 749.28 792.12 37.97 21.92 
20 733 769.8 747 784.92 706 740.64 765.12 22.51 12.99 
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APPENDIX B 
NOx SPECIATION USING FTIR SPECTROSCOPY 
As discussed previously, FTIR spectroscopy was employed to measure NOx 
emissions from the combustion products. Multivariate calibration for NO, NO2 and N2O 
measurement was performed in the current study since the main spectra of NO, NO2 and 
N2O have overlap with the broad water peak. For NO measurement, calibration files were 
created in presence of CO2 and water and for NO2 and N2O, the calibration was 
performed considering the presence of water.  
The water vapor was provided for calibration purpose using a heat exchanger, 
which was made of a stainless-steel tube filled with glass beads. The tube was heated to 
300°C with heat tapes. A liquid pump was used to pump the water from a container and 
flow it through the heat exchanger. The flow rate of water should not exceed 0.06 sccm 
since it may cause accumulation of water in the lines and FTIR apparatus. Argon gas was 
used as the carrier gas through the heat exchanger. All the gas lines were heated to 160°C 
to avoid condensation and prevent the component loss. Based on mass conservation, the 
liquid water input from the pump can be calculated using the equation below: 
)*+* = ),+,                                                        1
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where, ρl is the density of liquid water, Ql is the flowrate of liquid water, ρv is the density 
of water vapor, Qv is the flowrate of water vapor. 
Setting the liquid water flowrate, the water vapor flowrate can be calculated. So, 
the flowrate of other components could be calculated easily. Before the calibration with 
water and CO2, the individual NOx species should be calibrated. The detailed 
concentration/flow rate data used for NOx calibration are demonstrated in the following 
tables: 
Table B.1 Concentration/flow rate matrix for NO and Argon 
NO 
concentration 
(ppmv) 
Required NO 
flow rate 
(sccm) 
NO MFC input 
(sccm) 
Total flow 
rate  
(sccm) 
Required 
Argon flow 
rate (sccm) 
Argon MFC 
input (sccm) 
500 100 92.54 2000 1900 1768.63 
400 80 74.07 2000 1920 1788.62 
300 90 83.31 3000 2910 2777.93 
200 100 92.54 5000 4900 4766.53 
100 50 46.37 5000 4950 4816.50 
75 37.5 34.83 5000 4962.5 4828.99 
50 25 23.29 5000 4975 4841.48 
30 15 14.05 5000 4985 4851.47 
20 10 9.43 5000 4990 4856.47 
10 5 4.82 5000 4995 4861.47 
 
Table B.2 Concentration/flow rate matrix for NO, 6% water, 7% CO2 and Argon 
NO 
concentration 
(ppmv) 
Required 
NO flow 
rate 
(sccm) 
NO  
MFC 
input 
(sccm) 
Total 
flow 
rate 
(sccm) 
Required 
water 
flow rate 
(sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
CO2 
flow rate 
(sccm) 
CO2 
MFC 
input 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
500 63.04 57.49 1260.83 0.06 75.65 88.26 106.27 1033.88 730.82 
450 56.74 51.73 1260.83 0.06 75.65 88.26 106.27 1040.19 735.45 
400 50.43 45.97 1260.83 0.06 75.65 88.26 106.27 1046.49 740.08 
350 44.13 40.20 1260.83 0.06 75.65 88.26 106.27 1052.80 744.71 
300 37.83 34.44 1260.83 0.06 75.65 88.26 106.27 1059.10 749.34 
250 31.52 28.68 1260.83 0.06 75.65 88.26 106.27 1065.40 753.97 
200 25.22 22.92 1260.83 0.06 75.65 88.26 106.27 1071.71 758.60 
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Table B.2 (Continued) Concentration/flow rate matrix for NO, 6% water, 7% CO2 and 
Argon 
NO 
concentration 
(ppmv) 
Required 
NO flow 
rate 
(sccm) 
NO  
MFC 
input 
(sccm) 
Total 
flow 
rate 
(sccm) 
Required 
water 
flow rate 
(sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
CO2 
flow rate 
(sccm) 
CO2 
MFC 
input 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
150 18.91 17.16 1260.83 0.06 75.65 88.26 106.27 1078.01 763.23 
100 12.61 11.40 1260.83 0.06 75.65 88.26 106.27 1084.32 767.86 
75 9.46 8.52 1260.83 0.06 75.65 88.26 106.27 1087.47 770.17 
50 6.30 5.64 1260.83 0.06 75.65 88.26 106.27 1090.62 772.49 
30 3.78 3.33 1260.83 0.06 75.65 88.26 106.27 1093.14 774.34 
 
Table B.3 Concentration/flow rate matrix for NO, 7% water, 7% CO2 and Argon 
NO 
concentration 
(ppmv) 
Required 
NO flow 
rate 
(sccm) 
NO  
MFC 
input 
(sccm) 
Total 
flow 
rate 
(sccm) 
Required 
water 
flow rate 
(sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
CO2 
flow rate 
(sccm) 
CO2 
MFC 
input 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
500 54.04 49.26 1080.71 0.06 75.65 75.65 90.27 875.38 744.73 
450 48.63 44.32 1080.71 0.06 75.65 75.65 90.27 880.78 750.13 
400 43.23 39.38 1080.71 0.06 75.65 75.65 90.27 886.19 755.53 
350 37.83 34.44 1080.71 0.06 75.65 75.65 90.27 891.59 760.93 
300 32.42 29.50 1080.71 0.06 75.65 75.65 90.27 896.99 766.33 
250 27.02 24.57 1080.71 0.06 75.65 75.65 90.27 902.40 771.73 
200 21.61 19.63 1080.71 0.06 75.65 75.65 90.27 907.80 777.13 
150 16.21 14.69 1080.71 0.06 75.65 75.65 90.27 913.20 782.53 
100 10.81 9.75 1080.71 0.06 75.65 75.65 90.27 918.61 787.93 
75 8.11 7.28 1080.71 0.06 75.65 75.65 90.27 921.31 790.63 
50 5.40 4.81 1080.71 0.06 75.65 75.65 90.27 924.01 793.33 
30 3.24 2.84 1080.71 0.06 75.65 75.65 90.27 926.17 795.49 
 
Table B.4 Concentration/flow rate matrix for NO, 10% water, 7% CO2 and Argon 
NO 
concentration 
(ppmv) 
Required 
NO flow 
rate 
(sccm) 
NO  
MFC 
input 
(sccm) 
Total 
flow 
rate 
(sccm) 
Required 
water 
flow rate 
(sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
CO2 
flow rate 
(sccm) 
CO2 
MFC 
input 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
500 37.83 34.44 756.50 0.06 75.65 52.96 61.48 590.07 404.95 
450 34.04 30.99 756.50 0.06 75.65 52.96 61.48 593.85 407.72 
400 30.26 27.53 756.50 0.06 75.65 52.96 61.48 597.64 410.50 
350 26.48 24.07 756.50 0.06 75.65 52.96 61.48 601.42 413.28 
300 22.70 20.62 756.50 0.06 75.65 52.96 61.48 605.20 416.06 
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Table B.4 (Continued) Concentration/flow rate matrix for NO, 10% water, 7% CO2 and 
Argon 
NO 
concentration 
(ppmv) 
Required 
NO flow 
rate 
(sccm) 
NO  
MFC 
input 
(sccm) 
Total 
flow 
rate 
(sccm) 
Required 
water 
flow rate 
(sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
CO2 
flow rate 
(sccm) 
CO2 
MFC 
input 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
250 18.91 17.16 756.50 0.06 75.65 52.96 61.48 608.98 418.83 
200 15.13 13.70 756.50 0.06 75.65 52.96 61.48 612.77 421.61 
150 11.35 10.24 756.50 0.06 75.65 52.96 61.48 616.55 424.39 
100 7.57 6.79 756.50 0.06 75.65 52.96 61.48 620.33 427.17 
75 5.67 5.06 756.50 0.06 75.65 52.96 61.48 622.22 428.55 
50 3.78 3.33 756.50 0.06 75.65 52.96 61.48 624.11 429.94 
30 2.27 1.95 756.50 0.06 75.65 52.96 61.48 625.63 431.05 
 
Table B.5 Concentration/flow rate matrix for NO, 7% water, 10% CO2 and Argon 
NO 
concentration 
(ppmv) 
Required 
NO flow 
rate 
(sccm) 
NO  
MFC 
input 
(sccm) 
Total 
flow 
rate 
(sccm) 
Required 
water 
flow rate 
(sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
CO2 
flow rate 
(sccm) 
CO2 
MFC 
input 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
500 54.04 49.26 1080.71 0.06 75.65 108.07 133.52 842.96 590.63 
450 48.63 44.32 1080.71 0.06 75.65 108.07 133.52 848.36 594.60 
400 43.23 39.38 1080.71 0.06 75.65 108.07 133.52 853.76 598.57 
350 37.83 34.44 1080.71 0.06 75.65 108.07 133.52 859.17 602.54 
300 32.42 29.50 1080.71 0.06 75.65 108.07 133.52 864.57 606.50 
250 27.02 24.57 1080.71 0.06 75.65 108.07 133.52 869.98 610.47 
200 21.61 19.63 1080.71 0.06 75.65 108.07 133.52 875.38 614.44 
150 16.21 14.69 1080.71 0.06 75.65 108.07 133.52 880.78 618.41 
100 10.81 9.75 1080.71 0.06 75.65 108.07 133.52 886.19 622.38 
75 8.11 7.28 1080.71 0.06 75.65 108.07 133.52 888.89 624.36 
50 5.40 4.81 1080.71 0.06 75.65 108.07 133.52 891.59 626.34 
30 3.24 2.84 1080.71 0.06 75.65 108.07 133.52 893.75 627.93 
 
Table B.6 Concentration/flow rate matrix for NO2 and Argon 
NO2 
concentration 
(ppmv) 
Required NO2 
flow rate 
(sccm) 
NO2 MFC input 
(sccm) 
Total flow 
rate 
(sccm) 
Required 
Argon flow 
rate (sccm) 
Argon MFC 
input (sccm) 
300 514 467.94 1200 686 555.48 
200 342 311.12 1200 858 727.36 
100 214 194.42 1500 1286 1155.06 
75 214 194.42 2000 1786 1654.71 
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Table B.6 (Continued) Concentration/flow rate matrix for NO2 and Argon 
NO2 
concentration 
(ppmv) 
Required NO2 
flow rate 
(sccm) 
NO2 MFC input 
(sccm) 
Total flow 
rate 
(sccm) 
Required 
Argon flow 
rate (sccm) 
Argon MFC 
input (sccm) 
50 143 129.68 2000 1857 1725.66 
20 143 129.68 5000 4857 4723.56 
10 71 64.04 5000 4929 4795.51 
 
Table B.7 Concentration/flow rate matrix for NO2, 6% water and Argon 
NO2 
concentration 
(ppmv) 
Required 
NO2 flow 
rate (sccm) 
NO2  
MFC 
input 
(sccm) 
Total 
flow rate 
(sccm) 
Required 
water flow 
rate (sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
200 360.24 327.75 1260.83 0.06 75.65 824.95 577.41 
150 270.18 245.64 1260.83 0.06 75.65 915.00 643.54 
100 180.12 163.53 1260.83 0.06 75.65 1005.06 709.66 
75 135.09 122.47 1260.83 0.06 75.65 1050.09 742.73 
50 90.06 81.42 1260.83 0.06 75.65 1095.12 775.79 
20 36.02 32.15 1260.83 0.06 75.65 1149.16 815.47 
 
Table B.8 Concentration/flow rate matrix for NO2, 7% water and Argon 
NO2 
concentration 
(ppmv) 
Required 
NO2 flow 
rate (sccm) 
NO2  
MFC 
input 
(sccm) 
Total 
flow rate 
(sccm) 
Required 
water flow 
rate (sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
200 308.78 280.83 1080.71 0.06 75.65 696.29 482.94 
150 231.58 210.45 1080.71 0.06 75.65 773.48 539.62 
100 154.39 140.07 1080.71 0.06 75.65 850.68 596.30 
75 115.79 104.88 1080.71 0.06 75.65 889.27 624.64 
50 77.19 69.69 1080.71 0.06 75.65 927.87 652.98 
20 30.88 27.46 1080.71 0.06 75.65 974.19 686.99 
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Table B.9 Concentration/flow rate matrix for NO2, 10% water and Argon 
NO2 
concentration 
(ppmv) 
Required 
NO2 flow 
rate (sccm) 
NO2  
MFC 
input 
(sccm) 
Total 
flow rate 
(sccm) 
Required 
water flow 
rate (sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
200 216.14 196.37 756.50 0.06 75.65 464.71 312.90 
150 162.11 147.10 756.50 0.06 75.65 518.74 352.57 
100 108.07 97.84 756.50 0.06 75.65 572.78 392.25 
75 81.05 73.20 756.50 0.06 75.65 599.80 412.09 
50 54.04 48.57 756.50 0.06 75.65 626.81 431.93 
20 21.61 19.01 756.50 0.06 75.65 659.24 455.73 
 
Table B.10 Concentration/flow rate matrix for N2O and Argon 
N2O 
concentration 
(ppmv) 
Required N2O 
flow rate 
(sccm) 
N2O MFC input 
(sccm) 
Total flow 
rate 
(sccm) 
Required 
Argon flow 
rate (sccm) 
Argon MFC 
input (sccm) 
400 80 74.07 2000 1920 1788.62 
300 90 83.31 3000 2910 2777.93 
200 100 92.54 5000 4900 4766.53 
100 50 46.37 5000 4950 4816.50 
75 37.5 34.83 5000 4962.5 4828.99 
50 25 23.29 5000 4975 4841.48 
20 10 9.43 5000 4990 4856.47 
10 5 4.82 5000 4995 4861.47 
 
Table B.11 Concentration/flow rate matrix for N2O, 6% water and Argon 
N2O 
concentration 
(ppmv) 
Required 
N2O flow 
rate (sccm) 
N2O  
MFC 
input 
(sccm) 
Total 
flow rate 
(sccm) 
Required 
water flow 
rate (sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
400 50.43 46.77 1260.83 0.06 75.65 1134.75 804.89 
300 37.83 35.13 1260.83 0.06 75.65 1147.36 814.15 
200 25.22 23.49 1260.83 0.06 75.65 1159.97 823.40 
100 12.61 11.84 1260.83 0.06 75.65 1172.58 832.66 
75 9.46 8.93 1260.83 0.06 75.65 1175.73 834.98 
50 6.30 6.02 1260.83 0.06 75.65 1178.88 837.29 
20 2.52 2.53 1260.83 0.06 75.65 1182.66 840.07 
 
 
  
74 
Table B.12 Concentration/flow rate matrix for N2O, 7% water and Argon 
N2O 
concentration 
(ppmv) 
Required 
N2O flow 
rate (sccm) 
N2O  
MFC 
input 
(sccm) 
Total 
flow rate 
(sccm) 
Required 
water flow 
rate (sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
400 43.23 40.12 1080.71 0.06 75.65 961.84 677.92 
300 32.42 30.14 1080.71 0.06 75.65 972.64 685.86 
200 21.61 20.16 1080.71 0.06 75.65 983.45 693.79 
100 10.81 10.18 1080.71 0.06 75.65 994.26 701.73 
75 8.11 7.68 1080.71 0.06 75.65 996.96 703.71 
50 5.40 5.19 1080.71 0.06 75.65 999.66 705.70 
20 2.16 2.19 1080.71 0.06 75.65 1002.90 708.08 
 
Table B.13 Concentration/flow rate matrix for N2O, 10% water and Argon 
N2O 
concentration 
(ppmv) 
Required 
N2O flow 
rate (sccm) 
N2O  
MFC 
input 
(sccm) 
Total 
flow rate 
(sccm) 
Required 
water flow 
rate (sccm) 
Water 
vapor 
rate 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
400 30.26 28.14 756.50 0.06 75.65 650.59 449.38 
300 22.70 21.16 756.50 0.06 75.65 658.16 454.94 
200 15.13 14.17 756.50 0.06 75.65 665.72 460.49 
100 7.57 7.18 756.50 0.06 75.65 673.29 466.05 
75 5.67 5.44 756.50 0.06 75.65 675.18 467.44 
50 3.78 3.69 756.50 0.06 75.65 677.07 468.83 
20 1.51 1.60 756.50 0.06 75.65 679.34 470.49 
 
Table B.14 Calibration matrix for water in Argon 
Water 
percentage 
(%) 
Required 
water flow 
rate (sccm) 
Water vapor 
flow rate 
(sccm) 
Total flow 
rate (sccm) 
Required 
Argon flow 
rate (sccm) 
Argon MFC 
input (sccm) 
7 0.06 75.65 1080.71 1005.06 709.66 
10 0.06 75.65 756.5 680.85 471.60 
12 0.06 75.65 630.42 554.77 379.03 
15 0.06 75.65 504.31 428.66 286.43 
20 0.06 75.65 378.25 302.6 193.87 
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Table B.15 Calibration matrix for water, 7% CO2 and Argon 
Water 
percentage 
Required 
water 
flow rate 
(sccm) 
Water 
vapor 
flow 
rate 
(sccm) 
Total 
flow rate 
(sccm) 
Required 
CO2 
flow rate 
(sccm) 
CO2 
MFC 
input 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
6 0.06 75.65 1260.83 88.26 108.61 1096.93 777.11 
7 0.06 75.65 1260.83 75.65 92.77 929.41 654.12 
10 0.06 75.65 1260.83 52.96 64.24 627.90 432.72 
12 0.06 75.65 1260.83 44.13 53.15 510.64 346.62 
 
Table B.16 Calibration matrix for water, 10% CO2 and Argon 
Water 
percentage 
Required 
water 
flow rate 
(sccm) 
Water 
vapor 
flow 
rate 
(sccm) 
Total 
flow rate 
(sccm) 
Required 
CO2 
flow rate 
(sccm) 
CO2 
MFC 
input 
(sccm) 
Required 
Argon 
flow rate 
(sccm) 
Argon 
MFC 
input 
(sccm) 
6 0.06 75.65 1260.83 126.08 156.16 1059.10 749.34 
7 0.06 75.65 1260.83 108.07 133.52 896.99 630.31 
10 0.06 75.65 1260.83 75.65 92.77 605.20 416.06 
12 0.06 75.65 1260.83 63.04 76.92 491.73 332.74 
 
 Some of the collected spectra for NO, NO2 and N2O in presence of water/CO2 are 
presented in the following figures.  
  
Figure B.1 Sample spectra of 200 ppmv NO 
in Argon 
Figure B.2 Sample spectra of 200 ppmv 
NO in 7% water, 7% CO2 and Argon 
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Figure B.3 Sample spectra of 200 ppmv 
NO2 in Argon 
Figure B.4 Sample spectra of 200 ppmv 
NO2 and 7% water in Argon 
 
 
Figure B.5 Sample spectra of 200 ppmv 
N2O in Argon 
Figure B.6 Sample spectra of 200 ppmv 
N2O and 7% water in Argon 
 
For the analysis of the collected data, calibration for the individual components as 
well as multivariate is done by using the GRAMS software at three different 
steps/programs. First, the collected spectra should be identified in GRAMS/AI software. 
Next, the GRAMS-IQ software should be run to enter the training sets and add the 
constituents and their specifications. At the end of this section, the software will process 
the results and show “the actual vs. predicted” including the R2 value for the calibration 
curve. Based on these results, the calibration sets could be generated for NOx detection.  
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In the following figures, the calibration data are presented. 
 
 
Figure B.7 Calibration curve generated for 
20-500 ppmv of NO with water, CO2 and 
Argon 
 
Figure B.8 Calibration curve generated for 
10-200 ppmv of NO2 with water in 
balance Argon 
 
 
Figure B.9 Calibration curve generated for 
5-400 ppmv of N2O with water water in 
balance Argon 
Figure B.10 Calibration curve generated 
for water in balance with Argon 
 
Performance Testing of the Calibration Files 
 To assure the accuracy of calibration files, different sets of samples were 
prepared. For analyzing the collected samples, the third part of the software, named IQ 
Predict was used. After laoding both the calibration file and the unknown samples, the 
prediction data were generated. Performance of the calibration files was evaluated and a 
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good agreement between the actual concentrations and predicted concentrations was 
obtained.  
 
Table B.17 Performance testing of the calibration files for different components  
Component Concentration in the 
sample (ppmv) 
Predicted 
concentration by 
calibration (ppmv) 
Deviation 
(%) 
NO 250 254.24 1.69 75 76.90 2.53 
NO2 10 10.36 3.6 20 20.80 4 
N2O 10 9.53 - 4.7 20 20.29 1.45 
 
Analysis of Combustion Products 
 After collceting the samples based on the procedure explained in Chapter 2, the 
collected spectra were analyzed using the IQ Predict software. Using three different 
samples, average concentration of components and associated errors were calculated. A 
sample spectrum of the combustion products is presented in Figure B.11. As mentioned 
earlier, during the experiments no N2O was observed. The calibration files which 
predicted zero or negative values for N2O were created twice to check the repruducibility 
and accuracy of data. 
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Figure B.11 Sample spectrum of combustion products 
 
 
The results for all the conditions along with the error analysis are presented in the 
following section. 
Table B.18 NO concentrations near the flame with 100 ppm NO in feed for different ɸ 
with H2/CO=1 
ɸ 
NO 
Concentration 
1st sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentration 
3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0.5 63.21 63.31 63.01 63.18 0.16 0.09 
0.6 64.82 64.00 64.53 64.45 0.42 0.24 
0.7 64.32 65.14 65.89 65.12 0.79 0.46 
0.8 65.69 66.79 66.63 66.37 0.59 0.34 
0.9 65.22 67.81 67.01 66.68 1.83 1.30 
1 68.38 68.81 70.22 69.14 0.96 0.56 
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Table B.19 NO2 concentrations near the flame with 100 ppm NO in feed for different ɸ 
with H2/CO=1 
ɸ 
NO2 
Concentration 
1st sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentration 
3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0.5 13.78 14.69 16.49 14.99 1.38 0.80 
0.6 12.98 13.25 13.47 13.23 0.24 0.14 
0.7 5.99 6.22 6.40 6.20 0.20 0.12 
0.8 4.23 4.43 4.62 4.43 0.19 0.11 
0.9 3.18 3.37 3.53 3.36 0.18 0.10 
1 3.77 3.92 4.06 3.92 0.14 0.08 
 
Table B.20 NO concentrations near the flame with 100 ppm NO in feed for different 
H2/CO ratios with ɸ=0.5 
H2/CO 
NO 
Concentration 
1st sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentration 
3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0.25 69.46 69.13 69.55 69.38 0.22 0.13 
0.33 65.46 65.17 66.12 65.58 0.48 0.28 
0.50 65.82 65.79 66.98 66.19 0.68 0.39 
0.75 64.08 64.85 65.52 64.81 0.72 0.42 
1 63.21 63.31 63.01 63.18 0.07 0.05 
 
Table B.21 NO2 concentrations near the flame with 100 ppm NO in feed for different 
H2/CO ratios with ɸ=0.5 
H2/CO 
NO2 
Concentration 
1st sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentration 
3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0.25 19.37 19.51 19.63 19.51 0.13 0.07 
0.33 17.06 17.26 17.44 17.25 0.19 0.11 
0.50 16.44 16.59 16.73 16.58 0.14 0.08 
0.75 14.79 14.99 14.18 14.65 0.42 0.24 
1 13.78 14.69 16.49 14.99 1.38 0.80 
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Table B.22 NO concentrations near the flame with 75 ppm NO2 in feed for different ɸ 
with H2/CO=1 
ɸ 
NO 
Concentration 
1st sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentration 
3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0.5 40.15 41.26 42.52 41.31 1.19 0.68 
0.6 45.16 45.26 45.52 45.32 0.19 0.11 
0.7 48.58 49.78 49.69 49.35 0.66 0.38 
0.8 50.87 52.12 53.12 52.03 1.13 0.65 
0.9 50.13 51.34 52.22 51.23 0.86 0.61 
1 53.61 54.10 55.85 54.52 1.18 0.68 
 
Table B.23 NO2 concentrations near the flame with 75 ppm NO2 in feed for different ɸ 
with H2/CO=1 
ɸ 
NO2 
Concentration 
1st sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentration 
3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0.5 13.34 13.66 13.93 13.64 0.30 0.17 
0.6 9.59 9.95 10.29 9.94 0.35 0.20 
0.7 9.44 9.66 9.83 9.65 0.19 0.11 
0.8 7.90 8.31 8.66 8.29 0.38 0.22 
0.9 7.79 8.00 7.42 7.74 0.29 0.17 
1 6.79 7.00 7.21 7.00 0.21 0.12 
 
Table B.24 NO concentrations near the flame with 75 ppm NO2 in feed for different 
H2/CO ratios with ɸ=0.5 
H2/CO 
NO 
Concentration 
1st sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentration 
3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0.25 52.31 52.57 53.68 52.85 0.73 0.42 
0.33 50.80 52.77 54.79 52.79 1.99 1.15 
0.50 42.50 44.85 47.17 44.84 2.33 1.35 
0.75 43.42 45.09 45.64 44.72 1.16 0.67 
1 40.15 41.26 42.52 41.31 0.78 0.55 
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Table B.25 NO2 concentrations near the flame with 75 ppm NO2 in feed for different 
H2/CO ratios with ɸ=0.5 
H2/CO 
NO2 
Concentration 
1st sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentration 
3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD 
Error 
( 
√(
 
0.25 14.45 12.33 13.16 13.32 1.07 0.62 
0.33 15.53 16.79 17.93 16.75 1.20 0.69 
0.50 19.95 18.67 17.31 18.64 1.32 0.76 
0.75 14.88 14.47 13.00 14.12 0.99 0.57 
1 13.34 13.66 13.93 13.64 0.30 0.17 
 
Table B.26 NO concentration profile for water-cooled probe for H2/CO=1 and ɸ=0.5 
with 500 ppm NO in feed 
HAF 
(mm) 
NO 
Concentr
ation 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentrati
on 3rd 
sample 
(ppmv) 
NO 
Concentr
ation 4th 
sample 
(ppmv) 
NO(Avg) 
Concentratio
n (ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 400.15 403.00 406.29 405.82 403.81 2.84 1.42 
1 402.97 402.07 401.55 401.00 401.90 0.84 0.42 
2 409.70 400.17 409.06 420.51 409.86 8.33 4.16 
3 415.09 402.85 415.20 425.75 414.72 9.36 4.68 
4 433.41 460.71 436.72 412.93 435.94 19.58 9.79 
5 442.36 450.85 450.66 457.59 450.37 6.23 3.12 
6 461.50 469.20 466.43 462.62 464.94 3.54 1.77 
7 465.54 462.85 463.49 462.68 463.64 1.32 0.66 
8 464.65 469.11 468.44 465.94 467.03 2.10 1.05 
9 466.34 469.45 469.01 470.00 468.70 1.62 0.81 
10 460.36 464.62 471.26 467.84 466.02 4.65 2.32 
11 467.69 460.16 464.71 490.84 470.85 13.68 6.84 
12 466.19 462.01 468.82 461.44 464.61 3.51 1.76 
13 480.79 484.12 480.74 480.09 481.43 1.82 0.91 
14 480.23 485.75 488.60 480.93 483.88 3.99 2.00 
15 471.04 472.25 471.89 473.76 472.23 1.14 0.57 
16 453.73 457.95 460.82 464.07 459.14 4.39 2.20 
17 434.36 437.76 441.12 444.81 439.51 4.48 2.24 
18 421.01 415.21 417.51 429.74 420.87 6.38 3.19 
19 416.85 425.98 388.82 410.55 410.55 19.36 9.68 
20 356.34 371.90 391.02 396.38 378.91 18.35 9.18 
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Table B.27 NO2 concentration profile for water-cooled probe for H2/CO=1 and ɸ=0.5 
with 500 ppm NO in feed 
 
Table B.28 NO concentration profile for un-cooled probe for H2/CO=1 and ɸ=0.5 with 
500 ppm NO in feed 
HAF 
(mm) 
NO2 
Concentr
ation 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentrati
on 3rd 
sample 
(ppmv) 
NO2 
Concentr
ation 4th 
sample 
(ppmv) 
NO2(Avg) 
Concentratio
n (ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 97.70 97.60 95.88 99.14 97.58 1.34 1.45 
1 99.35 104.85 97.61 100.36 100.54 3.09 0.93 
2 94.16 96.70 96.09 94.09 95.26 1.34 0.63 
3 89.77 90.09 88.08 87.77 88.93 1.17 1.00 
4 73.25 78.62 79.18 79.30 77.59 2.91 1.57 
5 72.06 70.23 73.46 69.32 71.27 1.85 1.66 
6 67.02 68.88 65.84 67.40 67.28 1.25 2.04 
7 65.65 60.93 64.37 63.44 63.60 1.99 2.44 
8 62.25 67.16 60.56 66.15 64.03 3.14 1.77 
9 61.73 55.10 58.81 57.62 58.55 3.32 0.56 
10 56.15 60.43 65.68 63.17 61.36 4.08 0.16 
11 60.33 53.98 59.87 65.95 60.03 4.89 1.29 
12 56.61 61.21 62.47 65.06 61.34 3.54 1.15 
13 62.22 63.28 60.94 63.31 62.44 1.12 1.27 
14 61.37 61.84 62.16 61.70 61.77 0.33 0.45 
15 58.97 65.14 62.76 63.32 62.55 2.59 0.16 
16 60.87 64.86 64.59 60.63 62.74 2.30 1.07 
17 60.94 63.54 65.97 60.52 62.74 2.53 1.62 
18 57.91 58.79 57.60 59.60 58.48 0.90 0.91 
19 56.81 56.63 57.25 56.81 56.90 0.32 0.75 
20 49.41 45.70 47.80 44.61 46.88 2.15 0.38 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 401.65 417.93 426.82 415.47 12.77 7.37 
1 400.59 414.43 424.33 413.12 11.92 6.88 
2 413.67 409.35 419.62 414.21 5.16 2.98 
3 430.41 416.81 419.46 422.23 7.21 4.16 
4 444.89 444.14 442.32 443.78 1.32 0.76 
5 448.31 449.11 450.53 449.32 1.13 0.65 
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Table B.28 (Continued) NO concentration profile for un-cooled probe for H2/CO=1 and 
ɸ=0.5 with 500 ppm NO in feed 
 
Table B.29 NO2 concentration profile for un-cooled probe for H2/CO=1 and ɸ=0.5 with 
500 ppm NO in feed 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
6 449.36 448.42 449.89 449.22 0.74 0.43 
7 457.34 458.34 462.98 459.55 3.01 1.74 
8 458.17 459.49 459.18 458.95 0.69 0.40 
9 458.64 457.31 457.20 457.72 0.80 0.46 
10 452.85 460.32 467.40 460.19 7.28 4.20 
11 458.95 460.83 461.94 460.58 1.51 0.87 
12 451.31 454.01 455.03 453.45 1.92 1.11 
13 456.76 458.00 459.05 457.94 1.14 0.66 
14 449.07 448.70 442.76 446.84 3.54 2.04 
15 448.22 446.56 445.75 446.84 1.26 0.73 
16 459.60 460.08 468.99 462.89 5.29 3.06 
17 420.43 431.65 443.53 431.87 11.55 6.67 
18 419.34 418.78 414.57 417.56 2.61 1.51 
19 403.64 412.20 420.91 412.25 8.64 4.99 
20 393.91 397.28 391.13 394.11 3.08 1.78 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 88.50 91.03 94.25 91.26 2.88 1.66 
1 78.83 82.94 85.89 82.55 3.54 2.05 
2 73.91 78.28 71.36 74.51 3.50 2.02 
3 79.55 86.37 93.77 86.56 7.11 4.11 
4 60.67 63.60 66.40 63.56 2.87 1.66 
5 64.51 67.36 70.09 67.32 2.79 1.61 
6 54.32 60.02 63.01 59.11 4.41 2.55 
7 54.96 61.44 62.03 59.48 3.93 2.27 
8 59.69 62.74 65.67 62.70 2.99 1.73 
9 57.78 62.48 65.44 61.90 3.87 2.23 
10 65.87 68.55 71.15 68.52 2.64 1.53 
11 48.83 52.10 55.22 52.05 3.20 1.85 
12 49.86 52.93 55.98 52.92 3.06 1.77 
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Table B.29 (Continued) NO2 concentration profile for un-cooled probe for H2/CO=1 and 
ɸ=0.5 with 500 ppm NO in feed 
 
Table B.30 NO concentration profile with 100 ppm NO in feed for H2/CO=1.0 and ɸ=0.5 
at 1 bar 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
13 53.48 56.70 59.94 56.71 3.23 1.87 
14 52.44 55.38 58.33 55.38 2.95 1.70 
15 60.13 62.95 65.61 62.90 2.74 1.58 
16 50.32 53.16 55.95 53.14 2.81 1.63 
17 40.74 43.47 46.19 43.47 2.72 1.57 
18 40.52 40.89 41.36 40.92 0.42 0.24 
19 42.20 44.43 46.59 44.41 2.20 1.27 
20 35.06 37.33 40.27 37.55 2.61 1.51 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 68.71 67.51 64.80 67.01 2.00 1.16 
1 69.46 76.60 77.62 74.56 4.45 2.57 
2 82.72 86.74 87.26 85.57 2.48 1.43 
3 87.68 85.82 83.30 86.06 3.79 1.70 
4 88.15 90.05 90.01 89.40 2.83 1.16 
5 89.97 89.98 88.55 89.50 5.19 2.12 
6 89.58 93.96 94.56 92.70 2.72 1.57 
7 89.81 88.39 90.13 89.44 4.13 1.69 
8 87.58 88.31 84.83 86.91 3.12 1.28 
9 91.14 95.54 88.96 91.88 4.93 2.01 
10 86.57 88.00 88.22 87.60 2.55 1.04 
11 83.31 88.48 90.61 87.47 3.88 1.58 
12 88.03 84.29 87.85 86.72 3.29 1.34 
13 82.28 86.56 87.80 85.55 2.89 1.67 
14 87.40 87.77 88.50 87.89 6.42 2.62 
15 82.55 85.07 82.15 83.26 3.95 1.61 
16 83.17 84.84 85.65 84.56 1.26 0.73 
17 89.27 84.11 90.34 87.91 3.33 1.92 
18 84.45 84.05 83.44 83.98 0.51 0.29 
19 83.09 82.28 86.37 83.92 2.17 1.25 
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Table B.30 (Continued) NO concentration profile with 100 ppm NO in feed for 
H2/CO=1.0 and ɸ=0.5 at 1 bar 
 
Table B.31 NO2 concentration profile with 100 ppm NO in feed for H2/CO=1.0 and ɸ 
=0.5 at 1 bar 
  
 
 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
20 82.67 83.99 87.90 84.85 3.23 1.32 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 31.45 30.67 19.91 27.34 6.45 3.72 
1 25.92 25.73 15.34 22.33 6.06 3.50 
2 18.85 17.13 17.03 17.67 1.02 0.59 
3 13.70 16.42 18.82 15.81 2.73 1.22 
4 13.48 13.79 14.07 13.78 1.48 0.60 
5 16.13 15.75 15.50 15.79 0.32 0.18 
6 10.26 12.90 19.62 14.26 4.82 2.79 
7 16.75 17.47 16.57 16.93 0.71 0.29 
8 15.62 17.37 16.61 16.53 0.72 0.29 
9 17.37 15.83 15.55 16.25 1.66 0.68 
10 16.73 16.65 16.67 16.69 0.21 0.09 
11 17.47 18.53 16.65 17.73 1.64 0.67 
12 17.38 16.52 18.01 17.30 1.49 0.61 
13 15.42 14.82 14.75 15.00 0.36 0.21 
14 16.06 15.67 15.47 15.73 2.30 0.94 
15 16.64 17.15 18.38 17.39 1.76 0.72 
16 15.49 15.31 15.10 15.30 0.19 0.11 
17 17.94 15.81 15.14 16.30 1.46 0.84 
18 15.91 15.68 15.40 15.66 0.26 0.15 
19 13.05 16.36 15.65 15.02 1.74 1.01 
20 15.16 15.79 16.21 15.72 1.82 0.74 
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Table B.32 NO concentration profile in presence of CH4 (1%) with 100 ppm NO in feed 
for H2/CO=1.0 at 1 bar 
 
 
Table B.33 NO2 concentration profile in presence of CH4 (1%) with 100 ppm NO in feed 
for H2/CO=1.0 and ɸ=0.5 at 1 bar 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 149.44 154.55 139.50 147.83 7.65 4.42 
1 124.44 119.23 115.00 119.56 4.73 2.73 
2 133.48 109.07 106.82 116.46 14.78 8.53 
3 101.83 98.16 99.47 99.82 3.34 1.36 
4 90.02 92.66 92.56 91.75 1.50 0.87 
5 90.82 90.53 93.85 91.51 1.61 0.80 
6 96.23 103.47 104.69 101.46 10.97 4.48 
7 94.22 96.10 100.89 97.07 3.44 1.99 
8 89.71 94.23 110.27 98.07 10.80 6.24 
9 99.06 94.20 96.38 96.54 2.44 1.41 
10 88.51 98.45 101.19 96.05 6.67 3.85 
11 106.21 107.64 108.71 107.52 1.25 0.72 
12 91.28 97.66 99.46 96.13 4.30 2.48 
13 104.77 104.76 105.66 105.07 0.51 0.30 
14 104.29 105.60 101.51 103.80 2.09 1.21 
15 116.39 115.22 113.15 114.92 1.64 0.95 
16 92.90 93.94 98.17 95.00 2.79 1.61 
17 102.26 101.22 104.25 102.58 1.54 0.89 
18 108.67 108.83 109.06 108.85 0.20 0.11 
19 99.60 100.37 97.68 99.22 1.38 0.80 
20 109.91 110.66 111.29 110.62 0.69 0.40 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 61.78 58.47 52.73 57.66 4.58 2.64 
1 40.23 39.22 29.34 37.26 5.58 2.79 
2 39.04 34.66 39.56 37.40 5.56 2.49 
3 36.13 29.16 24.56 29.95 5.83 3.36 
4 19.37 18.40 18.15 18.64 0.65 0.37 
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Table B.33 (Continued) NO2 concentration profile in presence of CH4 (1%) with 100 
ppm NO in feed for H2/CO=1.0 and ɸ=0.5 at 1 bar 
 
Table B.34 NO concentration profile in presence of C2H6 (1%) with 100 ppm NO in feed 
for H2/CO=1.0 at 1 bar 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
5 22.06 20.24 19.61 20.64 1.27 0.73 
6 24.51 23.20 20.39 22.70 5.11 2.09 
7 22.99 19.55 15.84 19.46 3.58 2.07 
8 23.52 20.92 16.79 20.41 3.39 1.96 
9 19.48 17.37 16.16 17.67 2.38 0.97 
10 23.83 21.06 21.26 22.05 1.54 0.89 
11 29.12 28.28 25.12 27.50 2.11 1.22 
12 23.98 23.38 22.11 23.16 0.95 0.55 
13 22.78 22.77 23.15 22.90 0.21 0.12 
14 25.24 23.72 22.86 23.94 1.21 0.70 
15 25.74 24.28 21.68 23.90 2.06 1.19 
16 23.08 26.85 25.00 24.98 1.89 1.09 
17 23.21 22.96 21.48 22.55 0.93 0.54 
18 22.15 21.83 20.73 21.57 0.74 0.43 
19 23.62 26.93 23.81 24.78 1.86 1.07 
20 29.29 25.56 23.45 26.10 2.96 1.71 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 148.38 151.79 148.62 149.60 1.90 1.10 
1 128.80 128.29 128.75 128.62 0.28 0.16 
2 121.10 123.91 125.94 123.65 2.43 1.40 
3 120.81 121.46 121.29 121.19 0.33 0.14 
4 115.82 118.43 121.59 118.62 2.89 1.67 
5 120.17 121.29 121.83 121.10 0.85 0.42 
6 119.80 118.83 119.36 119.33 0.49 0.20 
7 115.26 119.72 119.63 118.20 2.55 1.47 
8 115.00 114.21 117.75 115.66 1.86 1.07 
9 114.55 114.32 114.32 114.40 0.13 0.08 
10 105.15 107.45 111.68 108.09 3.31 1.91 
11 110.74 106.59 118.20 111.84 5.88 3.40 
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Table B.34 (Continued) NO concentration profile in presence of C2H6 (1%) with 100 
ppm NO in feed for H2/CO=1.0 at 1 bar 
 
Table B.35 NO2 concentration profile in presence of C2H6 (1%) with 100 ppm NO in feed 
for H2/CO=1.0 and ɸ=0.5 at 1 bar 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
12 113.29 114.16 115.97 114.47 1.37 0.79 
13 116.15 117.71 112.05 115.30 2.93 1.69 
14 111.42 117.70 120.83 116.65 4.79 2.77 
15 112.13 113.17 113.58 112.96 0.75 0.43 
16 120.84 117.39 120.95 119.73 2.03 1.17 
17 111.22 114.69 115.78 113.90 2.38 1.38 
18 119.75 111.97 117.72 116.48 4.03 2.33 
19 116.50 119.65 118.15 118.10 1.58 0.91 
20 116.09 113.87 113.00 114.32 1.59 0.92 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 42.02 42.27 42.57 42.29 0.27 0.16 
1 36.00 35.04 34.22 35.08 0.89 0.52 
2 28.79 28.15 27.21 28.05 0.80 0.46 
3 23.98 23.69 23.47 23.71 0.26 0.15 
4 21.99 21.69 20.79 21.49 0.63 0.36 
5 18.20 17.98 17.79 17.99 0.21 0.12 
6 26.55 24.57 23.23 24.79 1.67 0.96 
7 16.08 15.51 15.27 15.62 0.41 0.24 
8 19.26 18.64 17.88 18.59 0.69 0.40 
9 20.17 21.29 21.83 21.10 0.85 0.49 
10 19.89 19.78 19.61 19.76 0.14 0.08 
11 18.54 18.60 18.58 18.57 0.03 0.02 
12 19.35 19.96 20.53 19.95 0.59 0.34 
13 24.55 24.32 24.32 24.40 0.13 0.08 
14 26.79 26.17 25.83 26.27 0.49 0.28 
15 25.77 24.83 24.36 24.98 0.72 0.41 
16 19.52 19.75 19.92 19.73 0.20 0.11 
17 21.28 21.27 21.21 21.25 0.04 0.02 
18 20.40 20.38 13.16 17.98 4.17 2.41 
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Table B.35 (Continued) NO2 concentration profile in presence of C2H6 (1%) with 100 
ppm NO in feed for H2/CO=1.0 and ɸ=0.5 at 1 bar 
 
Table B.36 NO concentration profile in presence of CO2 (10%) with 100 ppm NO in feed 
for H2/CO=1.0 at 1 bar 
 
 
 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
19 19.88 19.58 19.47 19.64 0.21 0.12 
20 14.06 15.00 15.64 14.90 0.79 0.46 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 51.68 54.19 61.01 55.63 4.83 2.79 
1 62.32 81.65 67.06 70.34 10.08 5.82 
2 64.22 76.49 83.49 74.73 9.75 5.63 
3 67.16 76.66 82.16 75.33 7.59 4.38 
4 80.04 76.95 82.63 79.87 7.97 3.26 
5 88.00 90.15 83.59 87.25 5.94 2.42 
6 86.15 89.59 90.50 87.47 3.16 1.29 
7 88.38 80.77 92.66 87.27 6.02 3.48 
8 79.04 83.91 85.48 82.81 3.36 1.94 
9 80.08 83.02 86.08 83.06 9.34 3.81 
10 88.11 85.29 86.37 86.59 4.99 2.04 
11 83.56 80.87 82.54 82.64 13.17 6.58 
12 81.54 84.67 81.05 82.42 2.11 0.86 
13 75.66 80.54 78.51 82.66 9.07 4.54 
14 80.05 90.54 82.90 83.39 9.14 4.57 
15 86.38 89.95 75.97 84.10 7.26 4.19 
16 80.17 79.84 75.65 78.56 2.52 1.45 
17 75.77 86.88 87.84 83.50 6.71 3.87 
18 87.03 78.16 83.00 83.81 11.11 5.55 
19 79.82 80.87 83.76 81.07 13.05 5.33 
20 81.02 81.45 80.53 80.99 0.65 0.38 
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Table B.37 NO2 concentration profile in presence of CO2 (10%) with 100 ppm NO in 
feed for H2/CO=1.0 and ɸ=0.5 at 1 bar 
 
Table B.38 NO concentration profile in presence of CO2 (20%) with 100 ppm NO in feed 
for H2/CO=1.0 at 1 bar 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 37.53 34.61 33.10 35.08 2.25 1.30 
1 27.11 24.29 23.84 25.08 1.77 1.02 
2 25.45 24.20 22.81 24.15 1.32 0.76 
3 21.72 25.39 24.18 23.76 1.87 1.08 
4 22.97 21.72 21.27 21.99 0.88 0.36 
5 22.47 20.25 19.87 20.86 1.71 0.70 
6 20.37 19.70 19.44 19.83 0.51 0.21 
7 22.09 21.51 21.12 21.57 0.49 0.28 
8 22.96 20.04 19.37 20.79 1.91 1.10 
9 22.08 21.00 20.53 21.20 1.27 0.52 
10 21.12 20.92 20.51 20.85 1.66 0.68 
11 24.55 21.88 21.53 22.65 1.65 0.95 
12 20.47 20.23 20.51 20.41 2.99 1.22 
13 20.96 20.38 20.00 20.45 0.49 0.28 
14 20.31 20.21 19.85 20.12 0.60 0.25 
15 20.89 20.66 20.47 20.67 0.21 0.12 
16 24.52 20.68 21.53 22.24 2.01 1.16 
17 21.90 21.67 23.32 22.30 1.32 0.54 
18 19.91 21.68 22.40 21.33 1.28 0.74 
19 23.16 21.41 23.98 22.85 1.67 0.68 
20 22.76 23.46 25.12 23.78 1.21 0.70 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 55.50 50.67 52.49 52.89 2.44 1.41 
1 66.48 64.08 65.28 65.28 1.20 0.70 
2 69.55 71.30 70.61 70.49 0.88 0.51 
3 72.16 74.66 73.16 73.33 1.26 0.72 
4 77.77 79.11 81.49 79.46 1.88 1.09 
5 83.82 84.13 79.51 82.49 2.58 1.49 
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Table B.38 (Continued) NO concentration profile in presence of CO2 (20%) with 100 
ppm NO in feed for H2/CO=1.0 at 1 bar 
 
Table B.39 NO2 concentration profile in presence of CO2 (20%) with 100 ppm NO in 
feed for H2/CO=1.0 and ɸ=0.5 at 1 bar 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
6 78.65 90.13 86.06 84.94 9.86 4.03 
7 84.49 87.60 83.93 85.34 2.28 0.93 
8 78.20 77.32 84.47 80.00 3.18 1.84 
9 89.78 89.94 82.09 87.27 10.02 4.09 
10 86.26 81.05 79.89 82.40 2.77 1.60 
11 78.44 79.62 88.37 82.14 4.43 2.56 
12 78.70 80.86 82.09 80.09 2.17 1.09 
13 75.02 78.77 87.48 80.42 5.22 3.01 
14 79.71 82.39 83.40 81.83 3.90 1.59 
15 72.66 78.97 84.37 78.67 4.79 2.76 
16 76.66 79.85 82.13 79.03 6.92 3.09 
17 87.70 79.04 80.44 82.39 3.80 2.19 
18 74.60 81.59 83.26 78.51 6.25 3.61 
19 76.16 75.37 76.10 75.88 0.36 0.21 
20 75.40 83.08 81.13 80.76 8.06 3.61 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 36.19 35.20 38.84 36.74 1.88 1.09 
1 29.32 31.59 32.40 31.10 1.60 0.92 
2 28.92 23.38 26.10 26.13 2.77 1.60 
3 28.92 28.10 27.85 28.29 3.16 1.29 
4 20.29 19.66 22.42 20.79 1.45 0.84 
5 24.41 21.15 20.82 22.13 1.98 1.14 
6 20.77 20.39 21.07 20.74 1.73 0.71 
7 19.85 20.99 20.88 20.39 1.63 0.82 
8 20.85 20.01 19.39 20.08 0.73 0.42 
9 19.35 19.14 19.03 19.17 0.73 0.30 
10 20.73 21.41 22.13 21.42 0.70 0.40 
11 20.37 20.02 19.66 20.02 0.36 0.21 
12 24.24 21.87 21.68 22.60 2.07 0.85 
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Table B.39 (Continued) NO2 concentration profile in presence of CO2 (20%) with 100 
ppm NO in feed for H2/CO=1.0 and ɸ=0.5 at 1 bar 
 
Table B.40 NO concentration profile with 100 ppm NO in feed for H2/CO=1.0 and ɸ=0.5 
at 7 bar 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
13 22.19 21.36 20.59 21.38 0.80 0.46 
14 21.53 21.17 21.17 21.29 1.14 0.46 
15 24.80 24.02 22.41 23.74 1.22 0.71 
16 22.85 22.50 24.58 23.31 1.40 0.57 
17 22.70 22.52 22.03 22.41 0.35 0.20 
18 23.55 23.28 23.01 23.28 0.27 0.16 
19 22.05 21.86 21.76 21.89 0.15 0.08 
20 25.21 24.93 24.75 24.96 0.69 0.28 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 48.15 68.32 67.82 61.43 11.50 4.70 
1 65.16 65.82 67.38 66.12 1.14 0.47 
2 77.62 76.05 79.65 77.77 1.81 0.74 
3 83.86 82.43 85.32 83.87 1.45 0.84 
4 78.27 80.16 85.62 81.35 3.82 2.20 
5 81.15 82.85 83.99 82.66 1.43 0.64 
6 77.22 80.10 81.84 79.72 2.33 1.35 
7 87.11 89.60 90.53 89.08 1.77 1.02 
8 77.92 78.36 86.92 81.07 5.07 2.93 
9 77.47 84.97 81.23 81.23 3.75 2.17 
10 80.41 88.87 92.57 87.29 9.87 4.03 
11 85.25 84.12 79.31 82.90 7.18 2.93 
12 76.40 85.94 89.85 84.06 12.88 5.26 
13 80.86 78.41 79.96 80.02 3.49 2.01 
14 83.34 85.06 83.37 83.92 0.98 0.57 
15 79.87 76.31 74.21 76.79 2.86 1.65 
16 80.00 79.50 79.53 79.67 4.78 1.95 
17 78.90 75.83 75.10 76.61 2.02 1.16 
18 83.82 82.28 76.38 80.83 3.93 2.27 
19 85.73 70.36 81.76 80.89 8.99 4.49 
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Table B.40 (Continued) NO concentration profile with 100 ppm NO in feed for 
H2/CO=1.0 and ɸ=0.5 at 7 bar 
 
Table B.41 NO2 concentration profile with 100 ppm NO in feed for H2/CO=1.0 and 
ɸ=0.5 at 7 bar 
  
 
 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
20 73.15 72.20 86.22 77.19 7.83 4.52 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 31.02 35.74 34.90 33.89 5.76 2.35 
1 20.61 27.44 26.94 25.00 3.81 1.55 
2 24.86 23.93 22.73 23.84 1.07 0.44 
3 21.58 26.82 29.44 25.95 4.00 2.31 
4 23.48 23.96 24.32 23.92 3.23 1.32 
5 24.07 24.70 26.27 25.01 1.51 0.61 
6 27.69 27.92 27.96 27.86 0.14 0.06 
7 24.78 25.78 26.97 25.84 1.10 0.63 
8 24.90 22.42 26.01 24.44 2.55 1.04 
9 26.77 23.35 23.71 24.61 1.88 1.09 
10 22.57 19.44 26.94 22.98 3.77 2.18 
11 22.49 23.87 22.25 22.87 0.88 0.51 
12 28.45 27.11 25.76 27.11 3.59 1.47 
13 30.86 27.73 26.76 28.45 2.15 1.24 
14 28.42 22.71 18.66 23.26 4.90 2.83 
15 23.25 17.42 24.37 21.68 3.73 2.16 
16 23.11 23.71 23.79 23.54 4.82 1.97 
17 18.10 28.69 20.61 22.47 5.53 3.19 
18 27.16 26.09 21.89 25.05 2.78 1.61 
19 27.77 25.32 26.71 26.60 1.23 0.71 
20 21.41 21.69 22.00 21.70 0.29 0.17 
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Table B.42 NO concentration in the post-flame region with 100 ppm NO in feed for 
H2/CO=1.0 and ɸ=0.5 at different pressures 
 
Table B.43 NO2 concentration in the post-flame region with 100 ppm NO in feed for 
H2/CO=1.0 and ɸ=0.5 at different pressures 
 
Table B.44 NO concentration profile in presence of CH4 (1%) with 100 ppm NO in feed 
for H2/CO=1.0 and ɸ=0.5 at 7 bar 
Pressure 
(bar) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
1 68.71 67.51 64.80 67.01 2.00 1.16 
5 62.51 61.46 61.60 61.85 15.78 6.44 
7 48.15 68.32 67.82 61.43 11.50 4.70 
10 50.45 53.36 56.14 53.32 6.29 2.57 
15 44.62 43.55 26.22 40.51 13.51 6.04 
Pressure 
(bar) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
1 31.45 30.67 19.91 27.34 6.45 3.72 
5 37.28 37.19 38.12 37.53 0.51 0.30 
7 31.02 35.74 34.90 33.89 5.76 2.35 
10 32.07 40.00 39.09 35.81 4.47 2.24 
15 43.24 36.85 39.42 40.69 3.70 1.85 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 162.56 159.46 158.53 160.19 0.65 0.46 
1 164.01 166.80 168.22 166.34 2.14 0.87 
2 164.73 167.84 167.12 166.56 1.62 0.66 
3 165.86 156.97 150.64 157.82 7.65 4.42 
4 150.08 150.34 150.21 150.21 0.19 0.13 
5 151.66 156.25 147.83 151.91 4.22 2.43 
6 133.37 143.73 131.83 136.31 6.47 3.74 
7 131.40 130.47 132.46 131.46 1.41 0.99 
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Table B.44 (Continued) NO concentration profile in presence of CH4 (1%) with 100 ppm 
NO in feed for H2/CO=1.0 and ɸ=0.5 at 7 bar 
 
Table B.45 NO2 concentration profile in presence of CH4 (1%) with 100 ppm NO in feed 
for H2/CO=1.0 and ɸ=0.5 at 7 bar 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
8 143.12 139.00 140.06 141.06 2.91 2.06 
9 113.90 139.65 125.77 126.77 18.21 12.88 
10 114.30 147.72 131.01 131.01 23.63 13.64 
11 142.60 142.15 138.71 141.15 2.13 1.23 
12 133.93 135.07 139.35 136.12 2.86 1.65 
13 134.70 135.46 135.08 135.08 0.54 0.38 
14 134.31 131.50 130.86 132.23 1.84 1.06 
15 129.15 127.71 119.93 125.60 4.96 2.86 
16 117.39 124.66 120.39 120.81 3.65 2.11 
17 123.37 133.73 121.83 126.31 6.47 3.74 
18 110.49 107.31 125.07 114.29 9.47 5.47 
19 124.42 115.02 120.83 120.09 4.74 2.74 
20 124.90 131.29 128.65 128.28 3.21 1.85 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 41.59 43.06 44.78 43.14 1.92 0.78 
1 33.43 34.11 35.52 34.35 3.80 1.55 
2 29.73 30.17 30.56 30.16 4.54 1.85 
3 24.99 26.73 27.35 26.36 1.31 0.53 
4 28.35 29.04 29.96 29.12 0.81 0.47 
5 24.24 24.30 25.28 24.61 0.58 0.34 
6 25.88 25.61 26.25 25.91 0.32 0.19 
7 29.78 23.52 23.73 25.68 3.56 2.05 
8 24.50 25.19 25.74 25.14 0.62 0.36 
9 21.62 22.50 22.69 22.27 0.57 0.33 
10 23.11 22.36 21.97 22.48 0.58 0.33 
11 21.78 21.82 21.84 21.81 0.03 0.02 
12 22.52 23.26 23.85 23.21 0.67 0.38 
13 21.06 20.68 20.96 20.90 0.20 0.11 
14 21.31 19.63 19.42 20.12 1.04 0.60 
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Table B.45 (Continued) NO2 concentration profile in presence of CH4 (1%) with 100 
ppm NO in feed for H2/CO=1.0 and ɸ=0.5 at 7 bar 
 
Table B.46 NO concentration profile in presence of CO2 (10%) with 100 ppm NO in feed 
for H2/CO=1.0 and ɸ=0.5 at 7 bar 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
15 21.11 19.19 19.04 19.78 1.15 0.67 
16 16.64 15.02 15.55 15.74 0.83 0.48 
17 21.99 15.44 14.99 17.48 3.92 2.26 
18 22.29 16.23 15.04 17.85 3.88 2.24 
19 29.23 23.11 25.42 26.17 4.32 2.50 
20 20.02 16.92 16.54 17.83 1.91 1.10 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 49.53 49.80 50.50 49.94 0.53 0.22 
1 53.99 62.62 59.63 58.75 7.34 3.00 
2 76.81 75.75 78.37 76.80 8.16 2.88 
3 82.20 92.71 78.93 84.61 12.55 5.12 
4 76.73 73.91 75.43 75.36 12.15 4.05 
5 74.89 85.80 74.26 78.32 5.86 2.39 
6 77.83 73.92 74.85 75.53 2.27 0.93 
7 84.13 82.57 89.47 85.39 8.65 3.53 
8 83.82 75.76 90.62 82.50 9.97 3.53 
9 91.20 76.12 74.48 79.73 11.17 4.22 
10 79.72 80.39 80.56 80.22 5.10 1.70 
11 85.06 85.37 82.26 84.23 8.57 2.86 
12 76.84 77.57 75.70 76.83 2.36 0.84 
13 73.70 75.06 74.80 74.52 0.96 0.39 
14 82.67 81.60 80.83 81.94 7.41 2.80 
15 83.53 71.44 78.18 77.72 9.03 3.68 
16 81.39 69.82 71.42 74.21 9.04 5.22 
17 68.40 72.27 74.46 71.37 8.76 3.10 
18 73.84 75.97 77.22 75.68 1.71 0.99 
19 65.34 68.45 79.21 71.00 7.28 4.20 
20 70.81 76.46 67.67 72.14 7.45 2.63 
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Table B.47 NO2 concentration profile in presence of CO2 (10%) with 100 ppm NO in 
feed for H2/CO=1.0 and ɸ=0.5 at 7 bar 
 
Table B.48 NO concentration profile in presence of CO2 (20%) with 100 ppm NO in feed 
for H2/CO=1.0 and ɸ=0.5 at 7 bar 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 31.57 31.15 32.75 31.76 0.99 0.50 
1 26.63 28.70 27.64 27.45 1.48 0.66 
2 25.91 27.32 28.53 27.10 3.40 1.20 
3 21.60 23.41 22.64 22.55 2.50 0.83 
4 25.52 24.98 24.56 25.02 1.44 0.48 
5 27.29 25.44 25.19 25.97 1.10 0.45 
6 26.03 24.41 24.18 24.87 1.69 0.69 
7 28.56 28.42 25.05 27.34 3.48 1.16 
8 25.95 27.59 23.50 25.95 2.26 0.80 
9 24.40 26.20 27.18 25.93 2.47 0.82 
10 27.50 26.34 26.00 26.61 4.14 1.38 
11 25.67 25.16 24.81 25.22 4.93 1.64 
12 21.75 25.30 19.91 22.62 3.59 1.47 
13 23.95 29.01 25.51 26.16 3.47 1.42 
14 20.92 25.59 22.12 22.88 2.42 1.40 
15 26.00 25.92 25.90 25.94 0.13 0.05 
16 21.93 24.46 25.36 23.92 3.96 1.62 
17 29.56 28.10 30.10 29.15 3.79 1.34 
18 26.08 26.13 26.34 26.18 0.14 0.08 
19 26.28 26.27 26.72 26.42 0.26 0.15 
20 26.44 29.59 28.29 27.87 3.74 1.41 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 50.36 47.46 43.82 47.21 3.28 1.89 
1 69.53 43.59 53.99 52.94 27.09 12.12 
2 58.02 59.22 69.31 62.18 6.20 3.58 
3 76.09 67.86 68.30 70.75 4.63 2.67 
4 76.58 54.14 84.51 69.19 26.59 11.89 
5 68.47 79.81 70.41 72.90 6.06 3.50 
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Table B.48 (Continued) NO concentration profile in presence of CO2 (20%) with 100 
ppm NO in feed for H2/CO=1.0 and ɸ=0.5 at 7 bar 
 
Table B.49 NO2 concentration profile in presence of CO2 (20%) with 100 ppm NO in 
feed for H2/CO=1.0 and ɸ=0.5 at 7 bar 
HAF 
(mm) 
NO 
Concentra
tion 1st 
sample 
(ppmv) 
NO 
Concentration 
2nd sample 
(ppmv) 
NO 
Concentratio
n 3rd sample 
(ppmv) 
NO(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
6 74.44 77.64 77.97 76.69 21.51 8.78 
7 60.40 76.13 81.52 72.68 10.98 6.34 
8 65.36 63.63 71.31 67.47 5.43 3.84 
9 73.49 62.89 73.42 70.82 9.70 4.34 
10 69.47 69.21 68.56 69.08 0.47 0.27 
11 69.93 82.00 75.61 74.61 8.61 3.51 
12 63.98 73.43 75.62 71.01 6.18 3.57 
13 83.35 77.17 79.57 80.03 3.12 1.27 
14 68.78 73.45 75.86 72.70 3.59 2.08 
15 70.32 70.05 69.62 69.99 0.35 0.20 
16 52.73 85.59 87.57 75.29 19.57 11.30 
17 85.40 84.37 81.75 83.84 1.88 0.77 
18 74.57 76.95 70.41 73.98 3.31 1.91 
19 80.28 80.45 58.59 73.10 12.57 7.26 
20 74.93 65.63 56.84 65.80 9.04 5.22 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
0 38.68 30.40 35.59 34.89 4.18 2.42 
1 26.36 25.30 34.52 28.72 5.05 2.06 
2 29.18 28.87 27.71 28.59 0.77 0.45 
3 29.09 28.41 26.83 28.11 1.16 0.67 
4 26.28 31.36 25.13 27.59 5.04 2.06 
5 34.52 29.94 28.30 30.92 3.22 1.86 
6 24.05 27.18 27.04 26.09 1.77 0.72 
7 24.43 24.79 19.18 23.53 5.97 3.45 
8 28.63 29.33 24.33 28.05 4.69 2.10 
9 26.49 24.86 24.41 25.25 1.09 0.63 
10 26.86 24.61 24.74 25.40 1.26 0.73 
11 34.31 27.23 25.82 29.12 4.71 2.11 
12 31.28 27.96 25.24 28.16 3.03 1.75 
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Table B.49 (Continued) NO2 concentration profile in presence of CO2 (20%) with 100 
ppm NO in feed for H2/CO=1.0 and ɸ=0.5 at 7 bar 
HAF 
(mm) 
NO2 
Concentra
tion 1st 
sample 
(ppmv) 
NO2 
Concentration 
2nd sample 
(ppmv) 
NO2 
Concentratio
n 3rd sample 
(ppmv) 
NO2(Avg) 
Concentration 
(ppmv) 
Standard 
Deviation 
(σ) 
 
SD Error 
( 
√(
 
13 33.01 28.62 23.09 28.24 7.04 3.15 
14 35.60 19.33 18.92 24.62 9.52 5.49 
15 32.29 24.84 24.05 27.06 4.55 2.63 
16 27.23 24.16 23.76 25.05 1.90 1.10 
17 28.46 26.05 27.28 27.26 3.22 1.44 
18 26.04 25.78 28.22 26.68 1.34 0.77 
19 29.93 30.47 30.63 30.34 0.37 0.16 
20 25.01 24.34 23.87 24.40 0.57 0.26 
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APPENDIX C 
PERMISSION TO REPRINT 
 
 
Figure C.1 License agreement for the article used in Chapter 3 
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Figure C.2 License agreement for the article used in Chapter 4 
 
